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Abstract: Abalone Haliotis midae are distributed from the cold, hypercapnic waters of the dynamic
Benguela Current Large Marine Ecosystem to the relatively warm, normocapnic waters of the Agulhas
Current. The species supports an important fishery as well as a thriving aquaculture industry. Due to
the relatively low capacity to regulate their acid–base balance and their need to calcify shell and radula,
abalone are especially vulnerable to increasing ocean acidification. Exposure to acidified seawater, i.e.,
hypercapnia, also occurs during the farming operation and can originate from (a) changes in influent
seawater, (b) pH decrease by accumulation of waste products, and (c) intentional hypercapnia for
anaesthesia using CO2-saturated seawater for size grading. Currently, these are acute exposures to
hypercapnia, but increasing ocean acidification can cause chronic exposure, if not mitigated. Wild
South African abalone are already exposed to periodic hypercapnia during ocean upwelling events
and will be more so in the future due to progressive ocean acidification. This study investigated the
acute pH effects in isolation as an initial step in studying the acute physiological response of H. midae
to provide a mechanistic basis for the design of complex multifactorial studies, imitating more closely
what occurs on farms and in the natural habitat. The major findings relevant to the above conditions
are as follows: 1. Acute exposure to hypercapnia induces a reversible, unbuffered respiratory
acidosis. 2. The impact of acute hypercapnia is size-dependent and potentially fatal. 3. Exposure to
extreme, short hypercapnia during anaesthesia causes a rapid imbalance in the acid–base state but a
rapid subsequent recovery. LC50 for small, medium and large abalone range from pH 6.27 to 6.03,
respectively, and sub-lethal levels from pH 6.8 to 6.2. These results can be used by abalone aquaculture
farms to mitigate/avoid the impact of acute (and chronic) hypercapnia but also to standardise their
anaesthesia method. They are also a proxy to estimate the effects on wild populations.

Keywords: abalone aquaculture; acute hypercapnia; acid–base balance; physiology; CO2 anaesthesia;
Haliotis midae; ocean acidification

Key Contribution: Acute exposure to hypercapnia induces a reversible, unbuffered respiratory
acidosis. The impact thereof is size-dependent and potentially fatal. Extreme short hypercapnia
during “dipping” causes rapid imbalance of the acid–base state but subsequent recovery is rapid.

1. Introduction

The South African abalone, Haliotis midae, locally called “perlemoen”, is the largest of
five South African abalone species [1,2]. Its distribution ranges from Saldanha Bay on the
West Coast to Riet Point on the East Coast [3], where its habitat consists of rocky shores
from the subtidal to depths of more than 30 m [1,4]. Perlemoen once supported a thriving
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fishery, but this is now much reduced and poaching dwarfs the legal harvest [5]. Most
recently, the abalone fishery harvested about 50 t, whereas poaching was estimated to be at
3350 t [5]. Since the beginning of abalone cultivation in the early 1980s, aquaculture has
replaced the fishery step by step as the main source of legal South African abalone and, in
2019, aquaculture produced more than 1650 t [6].

The distribution range of wild H. midae extends from the cold, hypercapnic waters
of the dynamic Benguela Current Large Marine Ecosystem (BCLME) on the West coast of
South Africa to the relatively warm, normocapnic waters of the Agulhas Current on the
East coast of South Africa with mixing in between them. Currently, fourteen farms cultivate
abalone in land-based flow-through tank systems close to the shoreline [7]. They are mainly
concentrated in the Western Cape province of South Africa [6]. In the BCLME, wild abalone
are exposed to acute hypercapnia during periodic episodes of upwelling events, mostly in
summer, and could be exposed to chronic hypercapnia in the future according to general
ocean acidification scenarios [8]. Abalone farms, due to their location, are partially or
completely exposed to the conditions of the BCLME. They constantly pump large volumes
of coastal seawater ashore, limiting meaningful pre-treatment, to avoid unfavourable ocean
conditions [7]. During the five years that abalone remain on the farms from spawning to
harvesting, they are potentially exposed to unfavourable ocean conditions on a regular
basis [7].

The BCLME is one of the largest Eastern Boundary (upwelling) systems, characterised
by frequent upwelling events accompanied by hypercapnia (pH levels 7.4–7.6) in 3–10-day
cycles in austral spring and summer [9]. In addition, some of the farms are located in
areas where low oxygen events have become common after the upwelling season when
phytoplankton blooms collapse [10]. During such events, the pH can reach levels of
6.6 for several days [11]. Ongoing climate change is projected to exacerbate some of
these unfavourable conditions: upwelling in the Southern BCLME, as in other poleward
boundaries of upwelling systems, is predicted to increase by 10–20% by the end of the
century [8]. This will be accompanied by a pH decrease by 0.3 units in the same period [8].
Upwelling events, and in turn hypercapnic episodes, are predicted to become longer, more
frequent and severe in the near future [12–15].

Exposure of aquaculture-farmed abalone is not limited to spells of hypercapnia from
the adjacent ocean but also to sources on the farms themselves. One such source is the
accumulation of ammonia along the raceways and a concomitant decrease in pH [16,17].
Both ammonia and hypercapnia reduce growth, although pH seems to be the major fac-
tor [17]. In this regard, a lowered pH somewhat mitigates the toxicity of the accumulated
ammonia by lowering the conversion of total ammonia nitrogen (TAN) to the more toxic
free un-ionised ammonia (FAN) [18]. Another, intentional, exposure to hypercapnia hap-
pens during the handling process of grading (weight determination and sorting according
to size). Grading is necessary due to heterogenous individual growth rates within size co-
horts [19,20]. South African abalone farms use submerging (“dipping”) plates with abalone
in CO2-saturated seawater to dislodge abalone gently. During this process, abalone from
a certain size are exposed to hypercapnic seawater of a pH of about 4.9–5.2 for several
minutes. This reduces handling stress and injury associated with mechanical removal of
abalone from their substratum. During their lengthy life at HIK Abalone Farm (approx-
imately 4–5 years), the average abalone experience this process four to five times. This
can increase to eight or nine years for individuals kept for further on-growing for specific
products where abalone of 200 g or more are required.

Hypercapnia has profound effects on the physiology of marine animals [21–24]. In ad-
dition, calcifying species like molluscs are more sensitive to acidification than non-calcifying
species due to the additional energetic cost of calcification [8]. Abalone species have been
shown to have lowered calcification and growth rates under chronic hypercapnia [7,25,26].
One reason for this may be due to their low capacity to regulate their extracellular acid–base
balance [25], that impacts general metabolism but also calcification [21,22,27–29]. Species-
specific knowledge of impacts on all aspects of abalone biology is relevant for abalone
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farming but also for the management of wild stocks [30]. Due to the short exposure and
recovery thereafter, acute hypercapnia differs from chronic effects, depending on the sever-
ity of the hypercapnia. Acute exposure experiments are therefore required to uncover
mechanisms of response, especially acid–base regulation capabilities, and the limitations
of response. Climate change will cause the combined effects of a declining seawater pH,
increasing temperature and a reduction in oxygen levels (see above).

In the present study, however, the acute pH effect was investigated in isolation as an
initial step in studying the acute physiological response of H. midae. The present study was
initiated to answer the questions: (1) How do H. midae respond to acute hypercapnic expo-
sure? (2) What are safe acute pH levels for farmed abalone? (3) What is the effect of extreme
hypercapnia during “dipping”? The results will provide important information for local
abalone farms and will also be used as a proxy to estimate the effects on wild populations.

2. Materials and Methods
2.1. Experimental Animals

Abalone were provided by HIK Abalone Farm (Pty) Ltd. in Hermanus (South Africa).
For acute hypercapnic exposure, so-called cocktail-size abalone (88.5 ± 10.3 g) were used,
whereas abalone of three different sizes (2.2 ± 0.7 g, 6.8 ± 1.6 g and 14.7 ± 3.8 g) were
used for the LC50 experiment. Abalone that were used in the “dipping” simulation were
92.1 ± 9.2 g. Abalone were transported from Hermanus within two hours to flow-through
holding tanks (1000 L, flow rate approximately 400 L h−1) at the Marine Research Aquarium
of the Department of Forestry, Fisheries and the Environment of South Africa (DFFE) in
Cape Town. The abalone were held, separated by size class in baskets in normocapnic
conditions for several weeks (ambient temperature TA ranged from 12 to 21 ◦C, salinity
34.5–35.0‰). Abalone were placed in plastic baskets with vertical plastic sheets inside
tanks and covered by black sheets to provide shading. Abalone were fed ABFEED®

daily (late afternoon) with leftovers removed the next morning. Feeding was discontin-
ued two days prior to experimentation. All experiments were conducted at the Marine
Research Aquarium.

2.2. Acute Response to Hypercapnia

For the acute response trial, cocktail-size abalone (88.5 ± 10.3 g) were selected from
the holding tanks and transferred into separate labelled gauze bags in which they were
placed in an acclimation tank (1000 L) and kept for 24 h prior to experimentation for
adjusting to experimental temperature (water conditions given in Table 1). Subsequently,
a haemolymph sample was taken from each abalone (see below), and five of the abalone
in their nets transferred to experimental tanks (cross-section Ø = 1.2 m, depth = 1 m,
containing approximately 940 L) under normocapnic conditions. The remaining five
were transferred into another tank with the same dimensions, but filled with hypercapnic
seawater (pH~7.3). The normocapnic pH represented that of the incoming seawater on the
experimental day and was close to the level during non-upwelling periods in the subtidal
zone. The experimental hypercapnia of ~pH 7.3 was selected because similar levels have
been reported from abalone farms and, in the wild, can be expected in the near future
during upwelling events in the BCLME, according to IPCC scenarios (see Introduction).
In order to minimize the time difference in exposure to the set seawater parameters of
the respective treatments, consecutive abalone were placed in alternating treatments after
the initial of serial haemolymph samples (0 h) was withdrawn (i.e., first normocapnia,
second hypercapnia). After 1.5, 3, 5, 8, 24 and 32 h (24 h exposure +8 h recovery), a
haemolymph (50 µL) sample was withdrawn from the area of the pedal sinus between
head and foot by syringe with hypodermic needle (Neomedic 1 mL, 29 G). Another set of
five abalone were exposed to pH 5 for 5 min and, after haemolymph sampling, transferred
into the normocapnic tank for recovery for 24 h. During this recovery, samples were
taken after 1.5 h, 5 h and 24 h. After the 24 h exposure period, all abalone from the
normocapnic and hypercapnic treatments were transferred into a normocapnic recovery
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tank. The seawater conditions are given in Table 1. Continuous circulation in the tanks was
achieved by JVP-202 12,000 l h−1 propellers (Ningbo JT Pump Co., Ltd., Ningbo, China)
and normal air was provided from the aquarium’s compressed air system. The pH of
the hypercapnic tank was set by the use of a pH controller connected to a solenoid valve
and a pH electrode (TUNZE, Penzberg, Germany) whereby CO2 was bubbled into the
seawater as described previously [31]. Seawater pCO2 and [HCO3

−] were thus calculated
using measured pH, salinity, TA and AT [32] as constants in CO2SYSv_2.1 software [33].
Oxygen concentration was determined using a Multi 350i meter set (WTW, Weilheim,
Germany). Water quality was monitored by measuring NH3 concentration (Ammonia test
kit, Sera, Heinsberg, Germany) which was always below the detection limit. Haemolymph
pH was measured within 20 s after sampling at the temperature of the treatment tanks
and total CO2 (cCO2) was determined immediately from a subsample (described in detail
in [31] Knapp et al., 2015). From these measured parameters (pH and cCO2), pCO2,
and [HCO3

− + CO3
2−] were calculated using derivatives of the Henderson–Hasselbalch

equation, using constants derived from Truchot [34]. Possible changes in haemocyanin
oxygen affinity modulator concentrations in the haemolymph, namely Ca2+ and Mg2+

were determined by commercial kits (Diaglobal, Germany) on small subsamples from each
abalone. Haemocyanin concentration was measured spectrophotometrically (335 nm) in
diluted 1:50 haemolymph vs. a physiological abalone buffer (10 mM HEPES in 2.5% NaCl,
pH 7.2) samples.

Table 1. Physicochemical seawater conditions recorded during acclimation, acute exposure
of H. midae to normocapnic and hypercapnic conditions and subsequent recovery and also to
“dipping” treatment.

Treatment TA◦C pH AT
µmol kg −1

O2
%

Salinity
‰

Ca2+

mmol L−1
Mg2+

mmol L−1
pCO2

Torr (µatm)
HCO3−

mmol L−1
CO32−

mmol L−1

Acclimation 19.3 ± 0.2 8.22 ± 0.08 2039 ± 6 98.7 ± 0.1 35.0 ± 0.0 10.3 ± 0.4 52.0 ± 1.1 0.2 ± 0.0 (209 ± 0) 1.5 ± 0.0 0.2 ± 0.0
Normocapnia 19.4 ± 0.7 8.28 ± 0.04 2048 ± 12 97.8 ± 0.3 34.9 ± 0.0 10.3 ± 0.5 52.5 ± 1.1 0.2 ± 0.0 (176 ± 0) 1.4 ± 0.0 0.2 ± 0.0
Hypercapnia 19.5 ± 0.8 7.33 ± 0.05 2044 ± 21 94.9 ± 0.0 34.9 ± 0.0 10.4 ± 0.3 51.5 ± 1.6 1.6 ± 0.2 (2142 ± 2) 1.9 ± 0.0 0.0 ± 0.0

5 min dip 19.4 ± 0.1 5.02 ± 0.06 2019 ± 5 89.4 ± 6.7 34.9 ± 0.0 10.2 ± 0.1 52.5 ± 0.9 346 ± 46
(457,568 ± 60,582) 2.0 ± 0.0 0.0 ± 0.0

Recovery 19.6 ± 0.2 8.27 ± 0.01 2031 ± 8 92.3 ± 0.2 34.9 ± 0.0 10.3 ± 0.8 52.4 ± 1.6 0.2 ± 0.0 (180 ± 0) 1.4 ± 0.0 0.2 ± 0.0

2.3. Determination of Seawater Acidification Toxicity Levels

For determination of LC50 for pH, abalone (2.2 ± 0.7 g, 6.8 ± 1.6 g and 14.7 ± 3.8 g)
were placed on vertical plastic sheets and allowed to attach. Sheets were then placed
vertically into plastic baskets which were submerged in a tank for acclimation (1000 L) to
temperature 24 h prior to experimentation (water conditions given in Table 2). Baskets were
covered with Styrofoam sheets for shading. To determine the LC50, sets of two experimental
tanks each were used with the following targeted seawater pH values: 5.2, 5.6, 6.0, 6.4,
6.8 and 7.2 (detailed water parameters in Table 2). In each treatment, 2 × 10 animals of
each size class were kept for a maximum of 48 h. The abalone were examined after 2, 4, 6, 8,
12, 24, 36 and 48 h exposure. Animals were considered to have died when they had fallen
off their sheet and did not show any muscle movement in response to repeated mechanical
stimulation. Seawater parameters were measured as described above.

Table 2. Physicochemical seawater conditions recorded during acclimation and determination of
LC50 of three size classes of H. midae.

Treatment
(pH)

TA◦C pH AT
µmol kg −1

O2
%

Salinity
‰

Ca2+

mmol L−1
Mg2+

mmol L−1
pCO2

Torr (µatm)
HCO3−

mmol L−1
CO32−

mmol L−1

Acclimation 20.7 ± 0.4 8.05 ± 0.09 2011 ± 11 97.6 ± 1.1 34.9 ± 0.1 10.6 ± 0.5 52.1 ± 1.0 0.2 ± 0.1
(338 ± 81) 1.6 ± 0.1 0.2 ± 0.0

7.2 20.3 ± 0.0 7.20 ± 0.02 2051 ± 4 97.4 ± 0.1 34.2 ± 0.0 10.1 ± 0.4 53.1 ± 2.3 2.3 ± 0.0
(2960 ± 3) 2.0 ± 0.0 0.0 ± 0.0

6.8 20.8 ± 1.0 6.79 ± 0.02 2036 ± 8 94.5 ± 0.2 34.2 ± 0.0 11.0 ± 0.4 52.5 ± 1.1 5.9 ± 0.0
(7732 ± 9) 2.0 ± 0.0 0.0 ± 0.0

6.4 21.2 ± 1.1 6.39 ± 0.01 2046 ± 22 89.0 ± 0.1 34.2 ± 0.0 10.6 ± 0.1 51.3 ± 1.0 15.0 ± 0.2
(19,677 ± 193) 2.0 ± 0.0 0.0 ± 0.0

6.0 21.3 ± 0.2 6.00 ± 0.00 2031 ± 16 88.6 ± 0.3 34.3 ± 0.0 10.7 ± 1.0 51.0 ± 1.3 36.6 ± 0.3
(48,182 ± 381) 2.0 ± 0.0 0.0 ± 0.0

5.6 20.2 ± 0.3 5.61 ± 0.01 2028 ± 13 83.7 ± 0.4 34.2 ± 0.0 10.9 ± 0.9 52.5 ± 1.6 89.7 ± 0.7
(117,984 ± 879) 2.0 ± 0.0 0.0 ± 0.0
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2.4. Statistical Analysis

Acute response: to account for the non-independence of the multiple measurement,
experimental results were analysed using repeated measure ANOVA; specifically, these
were fitted using linear mixed effect models (LMM). Experimental animals were treated as a
random effect. These yielded results for the study on the effect of treatment (whether there
was treatment effect). These were followed by Tukey post-hoc analysis both to determine
the magnitude and direction of the difference between pairs compared and its statistical
significance among treatments (p < 0.05).

Seawater acidification toxicity levels: To model toxicity of pH to abalone at different
size classes, a logistic generalized linear model (GLM) was fitted to the proportion of
animals that died at different pH levels. Abalone from respective replicates were pooled
for this analysis. Multiple models were considered starting from the simplest size invariant
model, a model with main effect of pH and size, and a model with interaction effect of pH
and size. From the best model, the model with main effect of pH and size, lethal doses for
different probabilities of mortality, e.g., LC5, LC50 and LC95, were determined.

All analyses, visualisation and report generation were carried out in R [35] (R Core
Team, 2024). Multiple R packages were utilised for data processing, visualisation, analysis
and summary of results, including [36–44].

3. Results
3.1. Acute Response to Hypercapnia

The acute exposure experiment showed a marked difference between the responses
to normocapnic and hypercapnic conditions, respectively. In the normocapnic group,
haemolymph pH increased by 0.22 units during the first 3 h from an initial pH of 7.35 and,
except for the 5 h mark, in another 1.5 h, remained at this elevated level for the rest of the
trial (Table 3, Figure 1A). Extracellular total CO2 (cCO2) levels remained relatively stable
for the first 3 h of the trial and declined to a level approximately 20% lower thereafter
where they remained until the 32 h time point (i.e., including 8 h recovery). Levels of
pCO2 decreased from the initial value until the 8 h mark and subsequently remained at
this level (Table 3). There was also a modest decline in [HCO3

− + CO3
2−] throughout

the exposure period (Table 3). The data were used to construct a Henderson–Hasselbalch
diagram, depicting the extracellular pH, calculated [HCO3

− + CO3
2−] and pCO2 values. It

showed very little change in [HCO3
− + CO3

2−], pCO2 and pH (Figure 2A).
Abalone in the hypercapnic treatment, due to the increase in seawater pCO2 and sub-

sequently haemolymph pCO2 (Table 3), showed an extracellular pH decrease of 0.30 units
from an initial value of 7.40 until the 24 h after exposure. During the subsequent recovery
period in normocapnic seawater, pH increased by 0.45 units (Figure 1A, Table 3). This
is an over-compensation of pH by approximately 0.15 pH units or a reduction in [H+]
by 12 nM (30%) compared with initial levels. The level of extracellular total CO2 (cCO2)
increased slightly by about 10% during the first 3 h of hypercapnic exposure from an initial
4.0 mmol L−1 (Table 3). Subsequently, cCO2 declined gradually to a level of just above
3 mmol L−1 and slightly further during subsequent recovery in normocapnic seawater.
Values for [HCO3

− + CO3
2−] followed a similar trend (Table 3, Figure 1B). The pCO2

increased by approximately 74% from its initial level, peaking at around 1.5–3 h after
exposure, after which it decreased marginally but remained raised above the initial value.
During the subsequent recovery in normocapnic seawater, pCO2 dropped to about half of
the pre-incubation level. From the Henderson–Hasselbalch diagram, a substantial decrease
in pH and an elevated pCO2 were apparent, leading to respiratory acidosis (shift to the
left). However, there was no considerable elevation of bicarbonate (HCO3

−) levels, i.e., no
or little bicarbonate buffering, indicating non-compensated respiratory acidosis. During
the subsequent recovery in normocapnic seawater, the pH increased above pre-incubation
levels, indicated by a shift to the right, leading to an alkalosis when compared to the initial
pH measured in normocapnia.
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Table 3. Time course of in vivo haemolymph parameters of adult H. midae during acute exposure to
normocapnic (pH 8.3) and hypercapnic (pH 7.3, 5.0) conditions.

Exposure Time pH cCO2
mmol L−1

pCO2
Torr

[HCO3− + CO32−]
mmol L−1

Ca2+

mmol L−1
Mg2+

mmol L−1
Haemocyanin

mg mL−1

Normocapnia (h)
0 7.35 ± 0.13 3.6 ± 0.4 3.5 ± 0.1 3.4 ± 0.5 11.9 ± 0.9 21.9 ± 0.5 12.4 ± 2.5

1.5 7.51 ± 0.14 * 3.6 ± 0.4 2.4 ± 0.2 # 3.5 ± 0.6 12.0 ± 0.8 22.0 ± 0.7 12.5 ± 1.9
3 7.57 ± 0.13 * 3.4 ± 0.4 2.0 ± 0.2 # 3.3 ± 0.5 11.7 ± 1.4 21.9 ± 0.7 12.8 ± 3.0
5 7.43 ± 0.05 2.7 ± 0.1 2.2 ± 0.0 *# 2.6 ± 0.2 11.9 ± 0.7 21.8 ± 0.6 12.8 ± 2.7
8 7.56 ± 0.07 * 2.9 ± 0.1 1.7 ± 0.1 *# 2.8 ± 0.2 11.6 ± 0.9 21.8 ± 1.6 12.6 ± 2.2

24 7.51 ± 0.07 * 3.1 ± 0.5 2.1 ± 0.2 # 3.0 ± 0.6 11.1 ± 1.5 21.4 ± 1.8 12.5 ± 1.8

32 (Recovery) 7.56 ± 0.08 * 2.8 ± 0.2 1.7 ± 0.1 * 2.7 ± 0.4 11.7 ± 1.1 21.7 ± 1.6 12.8 ± 1.6

Hypercapnia (h)
0 7.40 ± 0.04 4.0 ± 0.4 3.5 ± 0.1 3.8 ± 0.5 11.5 ± 1.2 21.7 ± 0.4 12.3 ± 1.9

1.5 7.19 ± 0.10 *# 4.4 ± 1.1 6.1 ± 0.2 *# 4.2 ± 1.2 11.0 ± 0.7 21.2 ± 1.2 12.5 ± 1.9
3 7.20 ± 0.08 *# 4.4 ± 1.1 5.9 ± 0.2 *# 4.1 ± 1.1 11.2 ± 0.1 21.3 ± 1.2 12.6 ± 1.7
5 7.12 ± 0.05 *# 3.5 ± 0.7 5.6 ± 0.1 *# 3.3± 0.8 11.0 ± 0.1 21.1 ± 0.7 12.7 ± 1.8
8 7.12 ± 0.03 *# 3.0 ± 0.7 4.8 ± 0.1 # 2.8 ± 0.8 11.3 ± 1.2 21.0 ± 1.6 12.9 ± 2.0

24 7.10 ± 0.05 *# 3.3 ± 0.7 5.5 ± 0.1 *# 3.1 ± 0.8 11.2 ± 2.3 20.8 ± 1.6 13.0 ± 1.7

32 (Recovery) 7.55 ± 0.07 * 2.8 ± 0.2 1.8 ± 0.1 * 2.7 ± 0.3 12.0 ± 0.6 20.9 ± 1.3 12.7 ± 1.6

Anaesthesia
0 7.40 ± 0.03 3.5 ± 0.1 3.0 ± 0.2 3.3 ± 0.1 11.8 ± 1.2 22.5 ± 1.0 12.7 ± 2.2

5 min 6.74 ± 0.10 * 8.3 ± 0.5 * 29.6 ± 6.5 * 7.0 ± 0.3 * 10.8 ± 1.1 22.1 ± 1.7 12.7 ± 1.9

1.5 (Recovery) 7.47 ± 0.08 4.9 ± 0.7 * 3.7 ± 0.7 4.7 ± 0.7 * 11.1 ± 0.6 21.8 ± 0.9 13.4 ± 1.8
5 (Recovery) 7.61 ± 0.08 * 3.7 ± 0.5 2.1 ± 0.5 3.6 ± 0.5 11.2 ± 0.7 22.2 ± 0.8 12.8 ± 1.6
24 (Recovery) 7.59 ± 0.03 * 3.3 ± 0.1 1.9 ± 0.2 3.2 ± 0.1 11.6 ± 0.5 22.4 ± 0.8 13.0 ± 3.3

Values are means ± S.D. (n = 5). * Significantly different from initial value (t0) within treatment (p < 0.05).
# Significantly different from the respective sampling time of the normocapnic treatment (p < 0.05).

Between treatments, haemolymph pHs differed substantially from the 1.5 h time
interval onwards. They reached similar levels again after an 8 h recovery in normocapnic
seawater (Table 3, Figure 1A). Total CO2 and calculated [HCO3

− + CO3
2−], however, were

similar in both treatments (Table 3, Figure 1B). The change in pCO2 in the hypercapnic
group was more than double that of the normocapnic group from the 1.5 h mark and was
only similar again after 8 h of subsequent recovery (Table 3). Levels of haemocyanin and
the molecular oxygen affinity modulators Ca2+ and Mg2+ did not differ between treatments
throughout the experiment (Table 3), probably indicating that serial sampling did not have
a deleterious or measurable dilution effect on the acid–base parameters.

Alongside the above acute treatments, a separate group of abalone was exposed to
an extremely low pH of 5.02 for 5 min after initial haemolymph sampling. This was to
simulate “dipping” of abalone in CO2-gassed seawater at abalone farms for grading (weight
determination and sorting according to size). The haemolymph pH decreased sharply by
0.66 units during these 5 min from an initial pH of 7.40 but subsequently increased above
pre-incubation levels during 1.5 h of recovery in normocapnic seawater (Table 3, Figure 1C).
Extracellular total CO2 (cCO2) and [HCO3

− +CO3
2−] levels increased sharply by more than

100% during the 5 min of “dipping” (Table 3, Figure 1C). After transfer to normocapnic
seawater for recovery, both decreased rapidly to initial levels and remained there for the
remainder of the recovery period (Table 3, Figure 1C). Levels of pCO2 increased 10-fold
from the initial value during “dipping”; thereafter, pCO2 returned rapidly to initial levels
during recovery (Table 3). The Henderson–Hasselbalch diagram illustrates these extreme
changes. Although there is some buffering by bicarbonate, this is not sufficient to prevent a
respiratory acidosis (Figure 2C).
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(B) calculated [HCO3

− + CO3
2−] during acute exposure to normocapnic seawater (solid line) and

hypercapnia (dashed line) for 24 h followed by 8 h recovery in normocapnic seawater. Panel (C) de-
picts pH and [HCO3

− + CO3
2−] during dipping in low pH (5.02) seawater for 5 min and subsequent

recovery in normocapnic seawater. Values are means ± S.D (n = 5). * Significantly different from
initial value (t0) within treatment (p < 0.05). # Significantly different from the respective sampling
time of the normocapnic treatment (p < 0.05).
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constructed from the time course of values during acute exposure presented in Table 3. (A) During
24 h normocapnia and subsequent 8 h recovery, (B) during 24 h hypercapnia followed by 8 h
normocapnic recovery and (C) during 5 min “dipping” in pH 5.02 hypercapnia and subsequent
recovery in normocapnic seawater. The pCO2 isopleths (full black lines) were derived from the
Henderson–Hasselbalch equation. Note: isopleth for dipping pH was far outside the range of panel
(C) and was therefore omitted. Appropriate values for the first dissociation constant (pK’

1) and
solubility coefficient (α) were derived from Truchot [34]. Dashed line = normocapnic/recovery
seawater isopleth, dotted line = hypercapnic seawater isopleth. Values are means ± S.D (n = 5).
Arrows indicate course of pH and bicarbonate buffering during experimental exposure.

3.2. Seawater Acidification Toxicity Levels

For all three sizes of abalone, the exposure time of 48 h yielded the most substantial
amount of data and was therefore chosen for probit analysis. Small abalone (2.2 g) in the
present study were most sensitive to a lowered pH. The LC50 value was 6.27 and a pH of
6.4 was the highest (i.e., lowest [H+]) that caused mortality (after 48 h). The next highest
experimental pH level (pH 6.8) was therefore regarded as the sub-lethal level (Table 4).
The LC5 of 6.53 and LC100 of 5.89 were estimated from probit analysis for the exposure
time of 48 h. The LC50 for medium abalone (6.8 g) was pH 6.18 and abalone began dying
at a pH level of 6.4 (after 24 h), the sub-lethal level was therefore pH 6.8 (Table 5). An
LC5 of 6.46 and LC100 of 5.78 were estimated. For the largest size class (14.7 g), an LC50 of
6.03 was calculated, whereas the sub-lethal pH was 6.2 after 48 h (Table 6). LC5 and LC100
were at pH 6.24 and pH 5.74, respectively. The shape (or the slope) of the toxicity curves
(Figure 3) were not significantly different between the size classes, but it appears to suggest
differences in the intercept. There was strong overlap in the confidence interval of LC50
between small and medium but less so between the large and the two other size classes.
Although the point estimate of the LC50 for the three sizes appears to be different, it was
associated with a higher standard error and hence larger confidence intervals that overlap
between size classes. The relatively high standard error could potentially be the result of
the sample size.

Table 4. Toxicity of different pH levels to small abalone (2.2 ± 0.7 g).

pH Number of Dead Abalone after

2 h 4 h 6 h 8 h 10 h 12 h 24 h 36 h 48 h

a b a b a b a b a b a b a b a b a b

7.20 ± 0.02 (7.19–7.22) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
6.80 ± 0.02 (6.77–6.80) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
6.39 ± 0.01 (6.39–6.40) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 2
6.00 ± 0.0 (6.00–6.01) 0 0 0 0 0 0 1 0 1 0 1 0 2 1 6 6 9 10
5.61 ± 0.01 (5.60–5.61) 0 0 0 0 0 0 0 0 3 2 4 5 8 8 10 10 10 10

5.2 (5.18–5.21) 0 0 0 0 0 0 0 0 3 3 6 6 8 9 10 10 10 10
LC50 pH: 6.27

95% confidence limits: 6.18–6.4

Lower case letters a and b indicate parallel experiments (n = 10 each) under same conditions.
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Table 5. Toxicity of different pH levels to medium abalone (6.8 ± 1.6 g).

pH Number of Dead Abalone after

2 h 4 h 6 h 8 h 10 h 12 h 24 h 36 h 48 h

a b a b a b a b a b a b a b a b a b

7.20 ± 0.02 (7.19–7.22) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
6.80 ± 0.02 (6.77–6.80) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
6.39 ± 0.01 (6.39–6.40) 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 1 1
6.00 ± 0.0 (6.00–6.01) 0 0 0 0 0 0 0 0 0 1 0 1 0 1 6 8 9 8
5.61 ± 0.01 (5.60–5.61) 0 0 0 0 0 0 0 0 1 2 3 3 10 10 10 10 10 10

5.2 (5.18–5.21) 0 0 0 0 0 0 0 1 3 3 5 5 8 9 10 10 10 10
LC50 pH: 6.18

95% confidence limits: 6.03–6.32

Lower case letters a and b indicate parallel experiments (n = 10 each) under same conditions.

Table 6. Toxicity of different pH levels to large abalone (14.7 ± 3.8 g).

pH Number of Dead Abalone after

2 h 4 h 6 h 8 h 10 h 12 h 24 h 36 h 48 h

a b a b a b a b a b a b a b a b a b

7.20 ± 0.02 (7.19–7.22) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
6.80 ± 0.02 (6.77–6.80) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
6.39 ± 0.01 (6.39–6.40) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
6.00 ± 0.0 (6.00–6.01) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 3 6 6
5.61 ± 0.01 (5.60–5.61) 0 0 0 0 0 0 0 0 1 0 1 1 3 2 10 10 10 10
5.2 ± 0.01 (5.18–5.21) 0 0 0 0 0 0 1 0 3 5 6 6 8 7 10 10 10 10

LC50 pH: 6.02
95% confidence limits: 5.98–6.02

Lower case letters a and b indicate parallel experiments (n = 10 each) under same conditions.
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4. Discussion

Our research demonstrates that H. midae have the ability to survive episodes of acute
hypercapnia at various levels and reveals the limits of this capability.

Compared with other invertebrates from the same habitat, the normocapnic extra-
cellular pH of H. midae is relatively low. In normocapnic seawater (pH 8.05–8.28), pedal
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haemocoel pH was approximately 7.4 throughout the experiments. For comparison, two
other invertebrate species had higher values despite lower normocapnic pH of 8.0: The
coelomic fluid of the Cape urchin, Parechinus angulosus, had a pH of 7.6 (unpublished
observations) and the extracellular pH of West Coast rock lobster, Jasus lalandii, was approx-
imately 7.8 [31]. In their common kelp bed habitat, these three species form an ecological
relationship [45] which may be impacted by their differences in acid–base regulation. How-
ever, values were similar to other abalone species under normocapnic conditions such
as the Taiwan abalone H. diversicolor supertexta at pH 7.25 [27] and the European abalone
H. tuberculata at pH 7.3–7.4 [25,46].

Following exposure to hypercapnia (pH 7.3) for 24 h, the abalone’s extracellular pH
dropped even lower and reached a minimum of 7.10, effectively more than doubling the
haemolymph’s acidity (Table 3). This acidification was not compensated by bicarbonate
buffering: only a slight elevation by approximately 10% of [HCO3

−] was observed after
1.5–3 h. However, even this small increase seemed unsustainable as the bicarbonate levels
declined to below initial values during the remaining course of the exposure (24 h) and
subsequent normocapnic recovery. This short elevation of [HCO3

−] was also not sufficient
to prevent a decline in haemolymph pH. At the same time, the haemolymph pCO2 was ele-
vated by a net 74% in the first 3 h of exposure, after which a slight decline took place. This
increased the outward pCO2 gradient to about 4 Torr above environmental levels, despite
elevation of ambient pCO2 by about 1.4 Torr. The ambient pCO2 of 1.6 Torr would have
been close to the range of resting haemolymph pCO2 and would have made removal of ex-
tracellular CO2 almost impossible. In the normocapnic group, the gradient was much lower
at around 1.2 Torr after the same incubation period. The Henderson–Hasselbalch diagram
(Figure 2) illustrates the interaction of plasma pH, calculated plasma bicarbonate and pCO2.
While values were concentrated in a very restricted area throughout the entire experimen-
tation in the normocapnic group (Figure 2A), the situation was different in the hypercapnic
group. It revealed a non-compensated respiratory acidosis, i.e., no substantial elevation of
bicarbonate (HCO3

−) levels to retain internal pH at pre-incubation/normocapnic levels
(Figure 2B). This seems to be similar in another abalone species [46]; after 5 days of ex-
posure to pH 7.7, H. tuberculata extracellular acidity was moderately lower by about 30%
compared with normocapnia and seemed to increase again as the exposure progressed to
the final 15 days. At pH 7.4, extracellular acidity dropped by approximately 70% to pH
7.15. Like in H. midae, no bicarbonate increase was observed and rather moderate buffering
by haemolymph proteins is assumed [46]. The situation is different in the rock lobster
J. lalandii from a similar habitat, which displays a transitional acidosis until bicarbonate
fully compensates acid–base changes [47].

Although the above-mentioned short increase in bicarbonate levels does not keep pH
within the physiological range, the oxygen affinity of haemocyanin should not be negatively
affected due to the specific properties of abalone, and generally shelled-gastropod haemo-
cyanin; a declining haemolymph pH elevates both oxygen affinity (positive/reverse Bohr
effect) and non-cooperative oxygen binding [48,49]. Previous authors assumed that this is
to maintain high oxygen saturation in the haemolymph during metabolic or respiratory
acidosis in hypercapnic environments [50–52] and during functional hypoxia in muscle
tissue [53,54].

While an outward gradient of pCO2 is ensured during acute (present study) and
chronic hypercapnia [26], the extracellular pH is 0.3 pH units lower during hypercapnia in
the present study and 0.25 units permanently under the same hypercapnic conditions [26];
this disturbance of the acid–base balance is most likely causing respiratory stress. Responses
to this will require energy; however, the cost of acid–base regulation to the respiratory
acidosis, are unknown so far. In general, research results on the impact of hypercapnia on
the abalone metabolism are still scarce. However, the general stress response of abalone
(to temperature, hypoxia/anoxia, handling, air exposure etc.) is to upregulate the anaero-
bic glycolytic flux [55,56] of their carbohydrate-centred metabolism [20,57,58]. Similar to
H. midae, a disturbance of the acid–base balance was also reported for H. diversicolor super-
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texta during various levels of hypoxia [27]. We hypothesise, therefore, that the metabolic
response to hypercapnia is similar to that for hypoxia, i.e., an increased anaerobic glycolytic
flux. This speculation is supported by a report of a metabolic shift under hypercapnic stress
conditions in H. midae that upregulates glycolysis for ATP synthesis in haemocytes [59].

Due to the increased energy consumption, stressed abalone have a lower growth
rate [60]. The costly upregulation of glycolysis is indicative of such a scenario. A reduction
in growth at a lowered pH was reported previously [7,16,26]. Acute physiological responses
often differ distinctly from those to chronic exposure. When much larger H. midae (~180 g),
however, were exposed to chronic hypercapnia (pH 7.3) for 18 months, it was evident that
their extracellular pH was even lower at 7.05 and no bicarbonate buffering occurred [26].

The capability of abalone to withstand stress generally increases with size, i.e., age [60].
The results of the seawater acidification toxicity test with farmed South African abalone are
consistent with this statement. Although modelled toxicity curves for the size classes used
(Figure 3) are not significantly different, there is an overall decrease in the LC values (i.e.,
increasing [H+]) with the increasing size of the abalone. For the smallest abalone (2.2 g), an
LC50 of pH = 6.27 ([H+] = 543 nM) was determined, whereas for the medium (6.8 g) and
large (14.7 g) abalone, these values were 6.18 ([H+] = 661 nM) and 6.02 ([H+] = 925 nM),
respectively. The largest abalone in our study can therefore resist a 70% higher pH toxicity
than the smallest one. This mass–response relationship is displayed in Figure 4. These
results indicate that reported minimum in situ pH levels at farms of between 7.74 and
7.02 [61] and 7.5 [16] may not be of immediate danger to the survival of the abalone.
They may become problematic, however, if such pH levels persist for extended periods:
Tables 4–6 not only indicate which pH levels are toxic to different size abalone but they
also reveal the time-dependence of exposure. During exposure times of up to 8 h, mortality
has hardly commenced at any pH level tested, whereas mortalities subsequently (i.e., after
longer exposure periods) occur at successively higher pH levels. At the 48 h time point,
abalone start dying at pH levels of 6.0 to 6.4. Although many of the pH levels tested here
are still too high to cause mortalities, they can limit growth and therefore make farms less
economical [7,16,62]. Most South African aquaculture farms rely on large water influx from
the nearby coastal waters and natural temperature fluctuations (and summer mortality)
already cause concern for a number of abalone farms [7]. So far, imported hypercapnia
does not seem to be a problem yet (own observation), although pH levels fluctuate, too.
However, they can become a problem under most of the projected future scenarios [8].
Although currently of an acute nature, regular exposure to hypercapnic events may have
negative effects and resemble chronic hypercapnia. This has been shown for this species
as acidosis becomes more severe, reaching close to pH 7.0 after 12 [7] and 15 months [26],
respectively. As a result, growth and shell formation was negatively affected [7,26]. This
may affect both abalone ecology and aquaculture [25].
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South African abalone farms primarily control pH levels through providing appropri-
ate flow rates to the grow-out tanks. This is possible since they are land-based and mainly
pump natural seawater through their systems extracted from the ocean. Strategies used on
South African abalone farms to mitigate low pH include dosing with alkali chemicals [62] or
co-culture with Ulva [7]. Ulva was shown to remove CO2 from an aquacultural mitigation
system by photosynthesis and thereby lifted the pH compared with unmitigated levels [7].
Although both strategies revealed some economic benefits for farms due to an increase in
productivity, further research is required to use and optimise such methods on a large-scale.

Another exposure to acute hypercapnia during aquaculture of the South African
abalone is during removal from their tanks. This is necessary during handling activities
such as tank maintenance, grading for size and harvesting. Abalone are attached to
their substratum tightly and removal with mechanical force causes a slow-healing injury
that can lead to mortality [63]. Grading (weight determination and sorting according to
size) cannot be avoided because of heterogenous individual growth rates within a size
cohort [19,20]. Large abalone would therefore outcompete smaller ones due to intraspecific
competition [64]. Including the final harvest, removal is therefore necessary several times
during an abalone’s life at a farm. If animals were to be removed mechanically, injuries and
mortalities would accumulate, resulting in financial losses. As an alternative to mechanical
removal, farms have turned to anaesthetic substances to reduce the handling stress and
damage. The effect of several anaesthetics has been tested on abalone such as ethanol
and clove oil [65,66], MgSO4, 2-phenoxyethanol, EDTA and procaine hydrochloride [63]
and phenoxyethanol, benzocaine, eugenol (clove oil component) and CO2 [67]. At South
African abalone farms, the use of MgSO4 for small abalone and dosing with CO2 (“dipping”
in CO2-saturated seawater) for larger ones for the purpose of grading is now common
practice (own observation). To evaluate the physiological impact of the latter on abalone,
acid–base regulation was therefore analysed in a mimicked “dipping” period of 5 min in
CO2-saturated seawater. During this “dipping”, the haemolymph pH drops sharply to
6.74 and pCO2 increases to almost 30 Torr. The haemolymph is therefore 455% more acidic
than at the initial sampling. The [HCO3

−] more than doubles within the same period of time.
Despite this bicarbonate buffering, the treatment leads to a strong respiratory acidosis as the
Henderson–Hasselbalch diagram shows (Figure 2C). The ambient seawater pCO2 is almost
350 Torr, creating a strong inwardly directed gradient for carbon dioxide. Both pH and
[HCO3

−] return to initial levels very quickly during subsequent recovery in normocapnic
seawater. This recovery is also evident from observation of the abalone’s behaviour and
indicates the reversibility of this mechanism. The rapid recovery is an important aspect
when considering “dipping” in CO2-saturated seawater without compromising the animals’
growth potential permanently.

In a recent study, similar-sized (100 g) red abalone H. rufescens, were immersed in
CO2-saturated seawater for 45 min for the purpose of pearl culture-related surgery [67].
The study tested a number of agents at different concentrations, such as Eugenol, Phe-
noxyethanol and Benzocaine, but also CO2 saturation. It revealed CO2 treatment to be the
best method of anaesthesia: it was safe (no mortalities), was most effective in achieving
full anaesthesia and did not lead to additional mucus secretion. This was despite the long
exposure time of 30 min, compared with the 5 min exposure in the present study. The study
found that glycogen reserves were used in various organs to meet the energetic cost of acute
hypercapnic stress. Moreover, it showed that, during post-treatment recovery, depleted
glycogen reserves were quickly replenished, especially in the digestive gland. This may be
different in the present study due to the short dipping period of 5 min vs. 45 min in the case
of the red abalone. In such a short period, it is possible that organ reserves of phosphagens
(phosphoarginine) are sufficient to provide instantaneous energy [68,69]. Considering the
inward pCO2 gradient in both cases, it is possible that gas exchange is severely interrupted.
Anaerobic glycolysis is therefore likely to provide vital energy for some time. However,
this was not investigated in the present study or in Rojas-Figueroa et al. [67].
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The abalone used in the “dipping” simulation were much larger (91 g) than those in
the standard toxicity test (2.2–14.7 g). The mass relationship with pH toxicity (Figure 3)
would suggest that these large abalone were not exposed to lethal levels at the chosen pH
of ~5. However, they dislodged from the surface very quickly, indicating that the linear
mass–response relationship in Figure 3 does not extend to larger size abalone and that this
pH level is potentially fatal even for this large size class. The combined results from our
LC50 experiment and the “dipping” experiment indicate that this procedure is potentially
fatal because of the reverse pCO2 gradient at such low pH levels and the size and time
dependence thereof. CO2-saturated seawater seems to level out at a minimum pH range of
4.8 to 5.2 under temperature and salinity conditions at South African aquaculture farms.
Unlike other chemical anaesthetics (such as MgSO4), this provides a certain safety net from
accidental over-dosing and makes exposure time the critical factor to control. Despite the
successful use of this procedure at South African farms, it would therefore be beneficial to
standardise the method for consistent and safe use. This can ensure that overexposing the
abalone to these potentially fatal conditions is avoided. Depending on size, there could
be, for example, be a defined time period of “dipping” and a “best practice” protocol
for recovery. In addition, it is recommended to investigate the exact impact of “dipping”
on energy cost and subsequently the long-term effects on the growth of H. midae. Such
knowledge will help to evaluate the energy cost of this method on growth parameters and
if there is a need to search for better techniques. The need for such research is indicated
from the response of related species; after transfer to normocapnia following short-term
exposure to extreme hypercapnia (longer than in the present study), oysters do not recover,
and growth remains retarded [70]. Furthermore, despite rapid recovery, the low pH levels
achieved during the use of this method could potentially damage the exposed tissues of
the abalone, and this may also be size or age dependent. Studies of the histology of tissues
such as gills and epithelium after one or serial “dipping” should therefore be considered
for different size classes.

5. Conclusions

The major findings of the present study with physiological and commercial conse-
quences are as follows: 1. Acute exposure to hypercapnia induces a reversible, unbuffered
respiratory acidosis. 2. The impact of acute hypercapnia is size-dependent and potentially
fatal. 3. Exposure to extreme but short hypercapnia during “dipping” causes a rapid
imbalance of the acid–base state but a speedy subsequent recovery. Details from the present
study can be used by abalone aquaculture farms to not only mitigate/avoid the impact of
acute (and chronic) hypercapnia but also to take the length of time and size dependence
of the exposure into account. They also revealed the need to standardise the anaesthesia
method for grading for consistent and safe use within aquaculture. The results provide
a proxy to estimate the effects on wild populations, too, aiding the management of the
fishing resources and conservation efforts in future.
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