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INTRODUCTION

Large-scale sequestration of carbon dioxide in the
deep sea (Marchetti 1977, 1979), as a means of reduc-
ing atmospheric CO2 emissions and mitigating green-
house-gas-induced climate change, remains a poten-
tial solution to the problem of escalating atmospheric
CO2 levels. Accordingly, the possibility of large-scale
anthropogenic inputs of CO2 into the deep-sea has
created intriguing and pressing research questions. 
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ABSTRACT: Rising levels of atmospheric carbon
dioxide could be curbed by large-scale sequestration of
CO2 in the deep sea. Such a solution requires prior
assessment of the impact of hypercapnic, acidic sea-
water on deep-sea fauna. Laboratory studies were con-
ducted to assess the short-term hypercapnic tolerance
of the deep-sea Tanner crab Chionoecetes tanneri, col-
lected from 1000 m depth in Monterey Canyon off the
coast of central California, USA. Hemolymph acid–
base parameters were monitored over 24 h of exposure
to seawater equilibrated with ~1% CO2 (seawater PCO2
~6 torr or 0.8 kPa, pH 7.1), and compared with those of
the shallow-living Dungeness crab Cancer magister.
Short-term hypercapnia-induced acidosis in the he-
molymph of Chionoecetes tanneri was almost uncom-
pensated, with a net 24 h pH reduction of 0.32 units and
a net bicarbonate accumulation of only 3 mM. Under
simultaneous hypercapnia and hypoxia, short-term ex-
tracellular acidosis in Chionoecetes tanneri was com-
pletely uncompensated. In contrast, Cancer magister
fully recovered its hemolymph pH over 24 h of hyper-
capnic exposure by net accumulation of 12 mM bicar-
bonate from the surrounding medium. The data sup-
port the hypothesis that deep-sea animals, which are
adapted to a stable environment and exhibit reduced
metabolic rates, lack the short-term acid–base regula-
tory capacity to cope with the acute hypercapnic stress
that would accompany large-scale CO2 sequestration.
Additionally, the data indicate that sequestration in oxy-
gen-poor areas of the ocean would be even more detri-
mental to deep-sea fauna.
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The ocean’s large-scale absorption, as well as possible future
anthropogenic sequestration of atmospheric CO2, will result
in long-term acidification of the water. The deep-sea crab
Chionoecetes tanneri (collected from Monterey Canyon at
1000 m depth) is unable to regulate extracellular pH during
short-term CO2 exposure. The results of Pane & Barry support
the hypothesis that hypercapnia will have a profound physio-
logical impact on deep-sea organisms.
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Because the physiology of deep-sea animals is so
poorly understood, putative deep-sea CO2 sequestra-
tion must be approached with caution (Seibel & Walsh
2001, Portner et al. 2004). While in situ microcosmic
CO2 release studies at depth have been conducted
(Brewer et al. 2000, Tamburri et al. 2000, Barry et al.
2004), the direct physiological impacts of hypercapnia,
and the acid–base regulatory capacities of deep-sea
animals, have yet to be systematically investigated
under laboratory conditions.

The general hypothesis that deep-sea animal acid–
base regulatory capacity will be poorly adaptive to
hypercapnic exposure rests on 2 basic principles. The
first is the trend toward hypometabolism with depth in
pelagic, typically visual, animals (Seibel et al. 1997).
The theory holds that limited light with depth reduces
visual predation pressure and selects for reduced loco-
motory ability and metabolic capacity (Childress et al.
1990, Childress & Seibel 1998). Although this theory
applies predominantly to pelagic animals, deep-sea
benthic animals (including crustaceans) also exhibit
metabolic rates typically an order of magnitude lower
than their shallow-living counterparts (Childress et al.
1990, Henry et al. 1990). While this phenomenon in
deep-sea benthic crustaceans may simply be a func-
tion of very low temperatures at depth in areas of steep
thermal gradient (Childress et al. 1990), these reduced
metabolic rates observed in deep-sea benthic crus-
taceans may still be ecologically relevant (disadvanta-
geous) in the context of hypercapnic exposure. 

Secondly, acid–base regulatory capacity of deep-sea
fauna may be maladaptive to hypercapnia due to the
natural invariance of their chemical environment. The
deep sea has been characterized for several thousands
of years by stable physico-chemical water parameters
(Gage & Tyler 1991, Kennett & Ingram 1995, Portner et
al. 2004). Unlike some shallow dwelling aquatic ani-
mals who have evolved effective acid–base regulatory
capabilities to combat seasonal, or even daily, fluctua-
tions in water pH, oxygen and CO2 concentration, or
temperature, deep-sea animals theoretically should
not possess such well-developed acid–base regulatory
capacity (Childress & Seibel 1998, Seibel & Walsh
2001).

In this study, we took a comparative physiological
approach in testing the hypothesis that deep-sea ani-
mals have limited acid–base regulatory capacity. We
investigated the response of a deep-sea benthic deca-
pod crab, Chionoecetes tanneri (Grooved Tanner crab),
to acute laboratory-based hypercapnic exposure, and
compared it to that of a shallow-living decapod crab,
Cancer magister (Dungeness crab).

Chionoecetes tanneri, of the brachyuran family Maji-
dae, is the dominant decapod crab of the Monterey
Canyon seafloor at 1000 m, and the only decapod spe-

cies occurring at densities compatible with remote-
operated vehicle collection at depth. It is a sluggish
species, large enough to facilitate repetitive blood
sampling, yet easily kept in the laboratory with very
low feeding requirements. Cancer magister is a large,
highly abundant crab of the family Cancridae, com-
mon to northeastern Pacific coastal waters. Though
predominantly subtidal and found mostly at depths to
90 m, shoreward spring migrations bring them into
shallower water margins of sandy beaches and estuar-
ies (Morris et al. 1980, Airriess & McMahon 1994).
Hence, Cancer magister may experience changes in
water salinity, partial pressures of oxygen (PO2

), and
carbon dioxide (PCO2

), and pH as frequently as each
tidal cycle (Airriess & McMahon 1994). Our choice of
Cancer magister as an experimental species was also
influenced by its representation in the existing acid–
base, respiratory, and circulatory literature (e.g.
Johansen et al. 1970, Airriess & McMahon 1994).

Additionally, we explored the influence of oxygen
availability on the response of the deep-sea Tanner
crab to hypercapnia. Chionoecetes tanneri was col-
lected from the Monterey Canyon at depths of ~1000 m
(Fig. 1), within the oxygen minimum zone (OMZ)
typical of eastern Pacific waters and the Monterey
Canyon (Fig. 2). The OMZ is the ocean zone of lowest
oxygen saturation created by the processes of biotic
oxygen consumption and ocean circulation (Wyrtki
1962). In the eastern Pacific it typically occurs between
500 and 1000 m. Accordingly, we tested the response
of Tanner crabs to hypercapnia when held in both
low oxygen (simulating OMZ levels) and high oxygen
(fully saturated seawater). 
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Fig. 1. Locations of ROV ‘Ventana’ dive sites at ~1000 m in
Monterey Canyon (d) for collection of the deep-sea decapod 

Grooved Tanner crab Chionoecetes tanneri
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The level of hypercapnia used, (~1% CO2) has fre-
quently been employed for both invertebrates and
vertebrates from freshwater and marine systems
(Cameron 1978, Truchot 1979, Toews et al. 1983, Clai-
borne & Heisler 1986, Langenbuch & Portner 2002,
Edwards et al. 2005). A one-unit reduction in water pH
typically occurs with this level of hypercapnia, and the
exposure requires a competent acid–base regulatory
capacity to offset the initial extracellular acidosis
caused by exposure to hypercapnic seawater. 

MATERIALS AND METHODS

Crab collection and holding. Grooved Tanner crabs
Chionoecetes tanneri of both sexes (200 to 600 g) were
collected by remote-operated vehicle (ROV ‘Ventana’)
from depths of 950 to 1050 m from the seafloor of Mon-
terey Canyon (Fig. 1). The ROV ‘Ventana’ was oper-
ated from the RV ‘Point Lobos’, under the stewardship
of the Monterey Bay Aquarium Research Institute. 

Once retrieved from depth, crabs were held aboard
ship in 2°C seawater until transfer to the laboratory.
Total time from collection to laboratory transfer was
3 to 5 h and survival was typically 75% during this
process. 

In the laboratory, crabs were held in 3 cubic 110 l
tanks under flow-through conditions with oxygen reg-
ulated via a computer-controlled gas-regulated aquar-
ium system. In brief, oxygen was controlled using a
combination of sensors (Aanderra oxygen optodes) and
gas contactors through which mixtures of nitrogen and
oxygen were used to maintain dissolved gases near
prescribed setpoints for oxygen. Temperature was also
regulated. The total volume of the recirculating system

was ~1000 l. Flow-through was achieved by addition of
0.25 l min–1 to each tank from a common reservoir of
seawater equilibrated to a set oxygen level by the
processes described above. 

With the exception of hydrostatic pressure, in situ
(~1000 m) seawater conditions were replicated by
holding all crabs in constant darkness in water of 3 ±
1°C, a pH of 7.85 ± 0.10, and a salinity of 34 ppt. All
holding and experimentation was conducted at sur-
face pressure. While we recognize the inconsistency of
holding animals collected from 1000 m at surface pres-
sure, the technical challenges of in vivo work with
macrofauna at high hydrostatic pressure in a labora-
tory setting are formidable. We therefore weigh any
potential depth-related changes in physiological func-
tion against the following observations regarding
Chionoecetes tanneri held at surface pressure: (1) once
acclimated to the laboratory, survival is extremely
high, with crabs surviving >18 mo (cf. Henry et al.
1990); (2) crabs molt in the laboratory; and (3) once
acclimated, post-branchial hemolymph pH of resting
crabs consistently falls within a tight range (7.9 to 8.1)
consistent with alphastat regulation in aquatic animals
held at 3°C (Cameron 1986). 

The oxygen concentration of the seawater was set to
either 90 ± 5% saturation (‘High’, ~350 µM), or 10 ±
5% saturation (‘Low’, ~40 µM). The lower O2 treatment
mimicked in situ oxygen levels typical of the oxygen
minimum zone at depths between roughly 600 and
1200 m off the California coast and within the Mon-
terey Canyon (Childress 1995; our Fig. 2).

Pacific Dungeness crabs Cancer magister of both
sexes (500 to 1000 g) were purchased locally (Moss
Landing, CA) from commercial fisherman using baited
traps at 30 to 40 m. Dungeness crabs were held in the
laboratory in flowing seawater of 10 ± 1°C, a pH of
7.9 ± 0.1, a salinity of 34 ppt, and an oxygen saturation
of 90 ± 5%, under a 12:12 h light:dark photoperiod. 

All crabs introduced to the laboratory were allowed
a minimum of 3 wk to acclimate before experimenta-
tion. Both species of crab were fed twice weekly to
satiation with chopped squid; food was withheld 72 h
prior to experimentation, and only hard-shelled inter-
molt animals were used in experiments.

In vitro experiments. The non-bicarbonate buffering
capacity (β) of sera was determined for Cancer ma-
gister and for Chionoecetes tanneri held in both low
and high oxygen. In all experimentations, post-branchial
hemolymph was accessed by drilling a small (1 mm)
hole in the dorsal carapace directly above the heart. A
ring of cyanoacrylate glue was applied around the hole
and a 1 cm square piece of dental dam was glued into
place (Forgue et al. 1992). Crabs were allowed a mini-
mum 72 h recovery period prior to experimentation.
All hemolymph was drawn anaerobically into ice-cold
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Fig. 2. Oxygen profile in Monterey Canyon, showing the
oxygen minimum zone (OMZ) between 600 and 1200 m. 

Arrow: sampling depth for Chionoecetes tanneri
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gas-tight Hamilton syringes rinsed with Crab Ringer
comprised of (in mM) NaCl (460), KCl (10), CaCl2 (20),
MgCl2 (9.5), and H3BO3 (3), pH 7.80 (Lang & Gainer
1969). 

For tonometric analysis, hemolymph was drawn and
allowed to clot on ice for 10 min. Hemolymph was then
centrifuged aerobically at 4000 × g at 3°C for 3 min,
producing separated, rather than true, serum (Daven-
port 1974). Separated serum was then added (~150 µl)
to round-bottom flasks and equilibrated with humidi-
fied gas mixtures of CO2 and nitrogen from pre-
analyzed cylinders (Airgas). Sera were equilibrated for
90 min in a shaking water bath at the appropriate tem-
perature (10°C for Cancer magister serum and 3.5°C
for Chionoecetes tanneri serum). 

After equilibration, samples were drawn into gas-
tight syringes and pH was measured using a micro-
electrode and in-line reference electrode (Microelec-
trodes) thermostatted to the appropriate temperature
and coupled to an Accumet (Fisher Scientific) pH meter.
Total CO2 (CCO2

) was measured by non-dispersive
infrared analysis (LI-COR model 6262), following acid-
ification (5% phosphoric acid) of serum and intro-
duction of stripped gas into an infrared analyzer
(Friederich et al. 2002). pH was standardized with
Radiometer Analytical precision buffers adjusted to the
ionic strength of crab serum (~1050 mOsm), while CCO2

was standardized with NaCO3 (Sigma-Aldrich) dried
for 4 h at 250°C prior to making carbonate standards. 

Serum CO2 tension (PaCO2
) and serum [HCO3

–],
based on measured pH and CCO2

, were calculated by
rearrangement of the Henderson-Hasselbach equation
with values for CO2 solubility (αCO2) and apparent
pK (pK’) at the appropriate temperature taken from
Boutilier et al. (1984) and Truchot (1976).

βs were derived from linear regression of pH-bicar-
bonate plots for each species and oxygen treatment
(Truchot 1979, Cameron 1985, 1986). These species-
and oxygen-specific slopes appear on the appropriate
Davenport diagrams as dashed lines (see Fig. 4).

In vivo experiments. Crabs were placed in individ-
ual 12 (Chionoecetes tanneri) or 20 l (Cancer magister)
darkened boxes with no head space, moderately tight-
fitting lids, and a water flow of approximately 50 ml
min–1. All Cancer magister experiments were run at
10°C, and all Chionoecetes tanneri exposures were run
at 3.5°C. Cancer magister and Chionoecetes tanneri in
the high O2 treatment were exposed to seawater equi-
librated via an exchange column (Membrana) to a gas
mixture of 1% CO2, 20% O2 (‘high O2’), and balance
N2 delivered from a premixed, calibrated gas cylinder
(Airgas). Chionoecetes tanneri in the low O2 treatment
were exposed in a similar fashion to seawater equili-
brated with a cylinder comprising 1% CO2, 3% O2

(‘low O2’), and balance N2. Nominal levels of oxygen

saturation in seawater equilibrated with the 2 gas
mixtures were approximately 95 and 14%, respectively.
Water pH was measured at the appropriate tempera-
ture using a Radiometer immersion electrode calibrated
with Radiometer Analytical precision pH buffers ad-
justed to the ionic strength of seawater. Mean water
pH (from all 3 treatments) at 24 h of hypercapnic expo-
sure was 7.08 ± 0.01 (SE, n = 18 measurement).

Post-branchial hemolymph was sampled immediately
prior to onset of hypercapnic exposure, and then at
25 min, 50 min, 75 min, 2.5 h, 4.25 h, and 24 h of hyper-
capnia. Hemolymph pH was measured as described
above, while CCO2

was measured as described above
on true serum obtained from anaerobic centrifugation
(12000 × g for 1 min). Separate aliquots of separated
serum (see above) were immediately snap-frozen in
liquid N2 for later analysis of protein concentration,
and deproteinized in 2 volumes of ice-cold 6% per-
chloric acid prior to snap-freezing for later analysis of
serum lactate concentration.

Hemolymph dioxide tension (PCO2
) and [HCO3

–],
based on measured pH and CCO2

, were calculated as
described above. Serum protein concentration was
analyzed by the method of Bradford (1976) using
reagent and BSA standards from Pierce Biotechnology.
Serum lactate was measured with a commercial kit
(reagents and standards) from Trinity Biotech.

Statistics. All measured values are presented as
mean ± 1 SEM (n = number of crabs). Data were tested
for normality (Shapiro-Wilk test) and homogeneity of
variance (Levene test) prior to statistical treatment.
Data meeting these assumptions were analyzed for
significant differences using a 1-way ANOVA followed
by a Bonferroni’s post-hoc multiple comparison test.
Data not meeting parametric assumptions were com-
pared using a Kruskal-Wallis test followed by multiple
comparison testing according to the method of Dunn
(1964), as described in Zar (1984). Statistical signifi-
cance in all cases was accepted at the p < 0.05 level.

RESULTS

Over 24 h of hypercapnic exposure, Cancer magister
exhibited almost complete extracellular acid–base
regulation despite hemolymph pH dropping more
quickly and more sharply over the first hour of hyper-
capnia than in either Chionoecetes tanneri treatment
(Fig. 3A). Compensation of hemolymph pH in Cancer
magister began at 75 min and continued over the
remainder of the exposure period, resulting in almost
complete compensation by 24 h. In neither Chionoe-
cetes tanneri treatment was any pH compensation
observed over the first 4 h. Only at 24 h was pH slightly
recovered in Chionoecetes tanneri acclimated to both
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high and low oxygen (Fig. 3A). The resultant net
reductions in hemolymph pH over the 24 h period were
0.08 (C. magister), 0.32 (Chionoecetes tanneri, high
O2), and 0.38 (Chionoecetes tanneri , low O2) units, and
the net hemolymph pH reduction at 24 h in Cancer
magister was significantly less than that of either treat-
ment of Chionoecetes tanneri (Fig. 3A).

The change in hemolymph PCO2
(ΔPCO2

) profile for
Cancer magister was consistently higher than those of
both Chionoecetes tanneri treatments throughout the
hypercapnic exposure (Fig. 3B). Internalization of CO2

in the 2 Chionoecetes tanneri treatments was similar
throughout the exposure period.

A substantial increase (12 mM) in the bicarbonate
concentration of Cancer magister hemolymph occurred
over the course of 24 h of hypercapnia. In contrast,
bicarbonate gains in Chionoecetes tanneri were
modest (3 mM) in the high oxygen treatment and non-

existent in the low oxygen treatment (Fig. 3C). In
neither Chionoecetes tanneri treatment was any
appreciable gain in hemolymph bicarbonate observed
over the first 4 h.

Viewed on a pH-bicarbonate (Davenport) diagram,
the overall pattern of hypercapnic-induced acidotic
recovery in Cancer magister was consistent with that
of competent aquatic acid–base regulators. In all 3
treatments, the first hour of hypercapnic exposure
resulted in titration of hemolymph blood in an acidic
direction, roughly down the non-bicarbonate buffering
(β) line and consistent with CO2-derived respiratory
acidoses (Fig. 4). From 1 to 4 h, hemolymph acid–base
status in Cancer magister followed a typical pattern of
metabolic compensation of respiratory acidosis, consis-
tent with large gains in hemolymph bicarbonate con-
centration and movement in an alkalotic direction
roughly along the 8 torr PCO2

isopleth (Fig. 4A). 

5

Δp
H

ΔP
C

O
2 

(to
rr

)
Δ[

H
C

O
3– ]

 (m
M

)

0.0

–0.2

–0.4

–0.6

10

8

6

4

2

0

15

10

5

0

b

aa
aa

ab

a

ab

a

a

a

ab

b

b

b

b

b

0 1 2 3 4 24

0 1 2 3 4 24

0 1 2
Time (h)

3 4 24

b
b

ab

a

a

b

a

abab

b

a

a

abab

a

a

b

b

b

bbb

C. magister
C. tanneri (High O2)
C. tanneri (Low O2)

A

B

C

Fig. 3. Cancer magister and Chionoecetes tanneri. Delta
profiles of (A) pH, (B) PCO2, and (C) [HCO3

–] for post-branchial
hemolymph acid-base parameters during a 24 h hypercapnic
(1% CO2) exposure. Data are mean ± SE. Treatment means

not sharing the same letter are significantly different

4

8

12

16

4

8

12

16

20

PCO2 (torr)

P
C

O
2 

(to
rr

)

C. tanneri (High O2)
C. tanneri (Low O2)

[H
C

O
3– ]

 (m
M

)

6

1

2

4

8101214

A

B

7.4 7.6 7.8 8.0

7.4 7.6 7.8 8.0

24 h

24 h

24 h

4 h

4 h

4 h

0.5 h

0.5 h

0.5 h

0 h

0 h

0 h

1 h

1 h

1 h

1.5 h

1.5 h
1.5 h

2.5 h

2.5 h

2.5 h

pH

6

1

2

48

0.5

Fig. 4. (A) Cancer magister and (B) Chionoecetes tanneri. pH-
bicarbonate (Davenport) diagrams showing the time course of
post-branchial hemolymph acid–base compensation during a
24 h hypercapnic (1% CO2) exposure. Data are mean ± SE.
Solid curved lines are CO2 isopleths. Straight dashed lines are
serum non-bicarbonate buffer (β) lines determined in vitro

(see text for details)



Mar Ecol Prog Ser 334: 1–9, 2007

In contrast, the acid–base variables for Chionoecetes
tanneri held in low oxygen remained below the non-
bicarbonate buffering (β) line at all time points after
1 h. This indicates a slight metabolic acidosis, which
compounds the uncompensated respiratory acidosis
observed in this treatment (Fig. 4B). 

The serum protein concentration of Cancer magister
was significantly higher than measured for Chionoe-
cetes tanneri acclimated to low O2, both prior to the
onset of hypercapnia and throughout the exposure
(Fig. 5A). Additionally, under hypercapnia, serum pro-
tein levels in Cancer magister from 2.5 h onward were
significantly greater than those measured in Chionoe-
cetes tanneri acclimated to high oxygen (Fig. 5A).

Serum lactate in Cancer magister increased dramat-
ically (~25-fold) during the first 4.25 h of hypercapnia,
only to return to baseline levels by 24 h (Fig. 5B).
Conversely, serum lactate in Chionoecetes tanneri was
unaffected by hypercapnia (Fig. 5B).

DISCUSSION

The deep-sea Tanner crab Chionoecetes tanneri did
not regulate extracellular acid–base status during

short-term (24 h) hypercapnic exposure. Compared
to the near-complete extracellular compensatory re-
sponse of the Dungeness crab Cancer magister, the
Tanner crab response to hypercapnia was ineffective
(in high O2) or non-existent (in low O2) over 24 h (Figs. 3
& 4). Our results indirectly support the hypothesis of
Seibel & Walsh (2001) that deep-sea animals exchange
ions at the gills more slowly than their shallow-living
counterparts, and are consistent with a general pattern
of reduced rates of key metabolic and enzymatic pro-
cesses in deep-sea decapod crabs, compared to shal-
low-living species (Henry et al. 1990, Walsh & Henry
1990). Bicarbonate acquisition, the primary means of
pH compensation in aquatic animals, was not observed
in Tanner crabs acclimated to low oxygen, suggesting a
marked reduction (or delay) in ion exchange.

In contrast, rapid, hypercapnic-induced extracellular
bicarbonate acquisition (a net gain of 12 mM over 24 h;
Fig. 3B) observed in Dungeness crabs fits the pattern ob-
served in another strong acid–base regulator, the marine
shore crab Carcinus maenas (Truchot 1979, 1984). It
should be noted that the current work with Cancer mag-
ister (at 10°C) and the work by Truchot (1979, 1984) with
Carcinus maenas (at 16°C) were conducted at substan-
tially higher temperatures than the hypercapnic exper-
iments with Chionoecetes tanneri (3°C). In Carcinus
maenas exposed to ~1% CO2 at 16°C, relevant net trans-
fers of acid–base equivalents across the branchial epi-
thelium were accomplished in 8 to 10 h. The possibility
remains, therefore, that the adaptive extracellular re-
sponse of Chionoecetes tanneri to hypercapnia may ac-
tually occur appropriately, just over a longer time period
than 24 h. 

The discrepancy in hemolymph ΔPCO2
profiles

(Fig. 3B) during hypercapnic exposure (with Cancer
magister internalizing more CO2 than the 2 Chionoe-
cetes tanneri treatments) is at odds with the common
notion that CO2 equilibrates rapidly among the exter-
nal medium, the extracellular fluid, and the intracellu-
lar compartment. A simple explanation may involve
transitory experimental variations in water CO2 ten-
sions caused by variable gas exchange with the equili-
bration columns employed. While this would easily
explain differences occurring in the first 4 h of hyper-
capnic exposure, 24 h water pHs were very similar
among the 3 treatments, suggesting that the water CO2

partial pressures were also very similar at 24 h. Yet the
hemolymph ΔPCO2

value in Cancer magister remained
greater than those of the Tanner crabs. Cameron
(1986) describes in detail the disequilibrium conditions
of invertebrate blood with respect to CO2 internaliza-
tion and excretion, concluding that CO2 in invertebrate
blood most likely never reaches equilibrium condi-
tions. Such an occurrence would certainly confound
assumptions and discussions of CO2 equilibrium dur-
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ing hypercapnic exposure and may account for the
inconsistencies seen in Fig. 3B.

It is also possible that the CO2 solubility constants
and apparent pK values employed, derived from
literature using Carcinus maenas and temperature-
adjusted accordingly, are not entirely consistent with
the actual blood chemistry of Chionoecetes tanneri.
Such a discrepancy could be a function of altered
hydrostatic pressure dynamics involved in working
with deep-sea animals at ambient pressures, and could
easily explain the minor differences in the ΔPCO2
profiles observed between the 2 species.

The key point, however, is that Dungeness crabs
were able to effectively regulate their hemolymph
acid–base status despite an apparent higher internal
CO2 load than that observed in Tanner crabs.

In this study, acid–base status was monitored in the
extracellular fluid for 24 h without measuring intra-
cellular pH (pHi). There is evidence that aquatic crus-
taceans can regulate pHi independently of extracellular
pH (pHe) (Henry & Wheatly 1992, Wheatly & Henry
1992), maintaining a constant pHi during hypercapnic-
induced acidification of the extracellular fluid (Gaillard
& Malan 1983). The Chinese mitten crab Eriocheir sine-
nesis actually increased pHi during an extracellular
acidosis, presumably via rapid exchange of acid–base
equivalents between the intra- and extra-cellular com-
partments (Whiteley et al. 2001). While constancy of pHi
in the face of marked acifidication of the extracellular
compartment may have occurred in Chionoecetes tan-
neri exposed to hypercapnia, this strategy is one more
typically associated with strong acid–base regulators na-
tive to highly variable environments. Therefore, we pos-
tulate that the intracellular pH of Chionoecetes tanneri is
likely compromised as a consequence of uncompensated
acidification of the extracellular compartment, though
this is an area of research we are actively pursuing.

Regardless of the extent of pHi regulation, main-
tenance of pHe within fairly tight limits is critical to
proper function of extracellular respiratory proteins,
and consequently oxygen delivery to tissues (Wheatly
& Henry 1992). Using the Dungeness crab, Johansen et
al. (1970) calculated a Bohr shift that would account for
a 50% increase in the hemolymph P50 (hemolymph
oxygen tension at which hemocyanin is half-saturated)
following a 0.4 unit decrease in hemolymph pH. A
similar effect with Chionoecetes tanneri hemolymph
would greatly reduce oxygen carrying capacity and
subsequent delivery to respiring tissues.

The inability of Chionoecetes tanneri to substantially
accumulate extracellular bicarbonate from the envi-
ronment may also involve a poor bicarbonate retention
capacity. Even in strong acid–base regulators, pH
compensation by uptake of bicarbonate equivalents
from the surrounding medium is limited by the amount

of bicarbonate that can be retained in the extracellular
fluid (Truchot 1979). Maintenance of elevated concen-
trations of extracellular bicarbonate requires, within
the kidney, a commitment of a substantial fraction of
energetically costly proton pumping in order to reab-
sorb valuable bicarbonate ions that would otherwise
be lost in the urine (Truchot 1987). We are currently
undertaking bicarbonate infusion studies with Chio-
noecetes tanneri to determine the extent to which poor
acid–base regulation in Tanner crabs is a function of a
limited ability to acquire, or to retain, bicarbonate.

Both the net acquisition of basic equivalents from
seawater, and renal retention of bicarbonate in the
urine, require energetically costly epithelial ion pump-
ing. Net acid excretion (or net base accumulation)
during hypercapnia may occur at the direct expense
of metabolic ATP in the case of H+-ATPases pumping
protons across epithelia, or indirectly in the case of
electroneutral exchange via Na+/H+ or Cl–/HCO3

– anti-
porters (see Ahearn et al. 1999 for a review). In the
latter case, electroneutral Na+/H+ and Cl–/HCO3

– ex-
change show clearly the close coupling of ionic,
osmotic, and acid–base regulation, highlighting the
importance of the primary epithelial ion pump, Na+-
K+-ATPase in correction of ion gradients disturbed by
the necessity of hypercapnic acid–base regulation
(Ahearn et al. 1999). Furthermore, in the case of
decapod crustaceans, Na+/H+ exchange is electrogenic
(2Na+/H+), possibly requiring direct synergistic inter-
action with an ATP-dependent ion pump such as a
vacuolar, or V-type, H+-ATPase (Kimura et al. 1994). 

Branchial pumping of acid–base relevant ions to
offset acid–base disturbances can be an energetically
costly process, and one which may be limited in deep-
sea benthic crustaceans which have metabolic rates
typically an order of magnitude lower than their shal-
low-living counterparts (Childress et al. 1990). Our
results, showing that the sluggish deep-sea Tanner
crab has limited short-term extracellular acid–base
compensatory capacity following hypercapnia, support
the theory (Seibel & Walsh 2001, Childress & Seibel
1998) that deep-sea animals will be particularly sensi-
tive to hypercapnia. As indirect evidence that the
acid–base regulatory capacity of deep-sea animals is
maladaptive to severe acid–base disturbance due to
lowered metabolic rates, short-term extracellular pH
compensation, and extracellular bicarbonate accumu-
lation, were moderately improved when Tanner crabs
were held under conditions of high oxygen, essentially
hyperoxic to their in situ conditions (Fig. 3).

In shallow-living decapod crustaceans, lactate build-
up in the extracellular compartment increases hemo-
cyanin oxygen affinity and acts as a metabolic signal-
ing compound to increase oxygen consumption rate
(Lallier & Truchot 1989, De watcher et al. 1997, Bridges
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2001). Accordingly, lactate mobilization in Cancer ma-
gister during hypercapnia corresponds well with the
need for upregulation of metabolically costly
acid–base regulatory transport phenomena (Fig. 5B). 

In Tanner crabs held in both oxygen levels, however,
lactate was absent from the serum prior to, and
throughout, the 24 h exposure period (Fig. 5B). This
deviance of the serum lactate pattern of Chionoecetes
tanneri from the typical pattern displayed by Cancer
magister (Fig. 5B) and other shallow-living decapod
crustaceans (Bridges 2001), suggests that Chionoe-
cetes tanneri relies on another signaling molecule,
such as urate or magnesium (Bridges 2001) to effect the
appropriate metabolic response. Additionally, it is pos-
sible that Chionoecetes tanneri produces lactic acid
intracellularly during hypercapnic stress, but does not
release lactate from the tissue. Extracellular release
of the proton accompanying lactate, however, would
explain the metabolic acid component evident in
the Davenport diagrams for Chionoecetes tanneri
(Fig. 4B). The data points lying below the passive
buffering line (1 to 4 h in Tanner crabs acclimated to
high O2 and 1 to 24 h in Tanner crabs acclimated to
low O2) indicate a combination of respiratory and
metabolic acid input into the extracellular fluid. While
the respiratory component is protons derived from
hydrated CO2, the metabolic component could stem
from lactic acid-derived protons, and future work in
our laboratory will focus on tissue metabolic and
acid–base analyses during hypercapnic exposure. 

CONCLUSIONS

This report represents, to our knowledge, one of the
first detailed investigations of acid–base regulatory
patterns in a deep-sea animal. Under the carbon
sequestration scenario, generally involving deposition
of large amounts of liquid CO2 on the deep sea floor,
short-term tolerance of high CO2 concentrations will
be vital. Storage lakes of CO2 in the deep-sea benthos
(Ohsumi 1993) will be accompanied by large local
water pH excursions (Adams et al. 1997). In such cases,
the ~0.4 unit drop in serum pH in Chionoecetes tanneri
exposed to 1% CO2 and simultaneously acclimated to
low O2, over 24 h (Fig. 3A), supports the hypothesis
that the consequences of large-scale CO2 sequestra-
tion will be physiologically challenging to deep-sea
animals—at least in the short term.

Additionally, the data support the synergistic effects
of hypoxia and hypercapnia (see Portner et al. 2004
for a review). Under laboratory conditions, oxygen lim-
itation exacerbated extracellular hypercapnic-induced
acidosis in the deep-sea Tanner crab. Practically, then,
CO2 sequestration in an area of the deep-sea that is nat-

urally hypoxic (such as the OMZ of the eastern Pacific)
may have greater detrimental effect on deep-sea fauna. 

Even in the absence of large-scale sequestration,
elevated atmospheric CO2 is continually being ab-
sorbed by the world’s oceans, resulting in a pH de-
pression of approximately 0.1 units to date, with a pro-
jected additional 0.4 unit reduction by the year 2100
(Haugan & Drange 1996, Caldeira & Wickett 2003,
Glover & Smith 2003, Sabine et al. 2004). This process
of passive CO2 influx, left unabated for many years and
combined with long-term turnover of deep ocean
water, will eventually result in consistently hyper-
capnic conditions in the deep sea. Accordingly, chronic
hypercapnic exposures are needed to understand how
deep-sea animals will fare with such a challenge. 
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