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The effect of short-term (5 days) exposure to CO2-acidified seawater (year 2100 predicted values, ocean pH ¼ 7.6) on key
aspects of the function of the intertidal common limpet Patella vulgata (Gastropoda: Patellidae) was investigated. Changes
in extracellular acid–base balance were almost completely compensated by an increase in bicarbonate ions. A concomitant
increase in haemolymph Ca2+ and visible shell dissolution implicated passive shell dissolution as the bicarbonate source.
Analysis of the radula using SEM revealed that individuals from the hypercapnic treatment showed an increase in the
number of damaged teeth and the extent to which such teeth were damaged compared with controls. As radula teeth are
composed mainly of chitin, acid dissolution seems unlikely, and so the proximate cause of damage is unknown. There was
no hypercapnia-related change in metabolism (O2 uptake) or feeding rate, also discounting the possibility that teeth
damage was a result of a CO2-related increase in grazing. We conclude that although the limpet appears to have the phys-
iological capacity to maintain its extracellular acid–base balance, metabolism and feeding rate over a 5 days exposure to
acidified seawater, radular damage somehow incurred during this time could still compromise feeding in the longer term,
in turn decreasing the top-down ecosystem control that P. vulgata exerts over rocky shore environments.
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I N T R O D U C T I O N

Atmospheric carbon dioxide (CO2) has risen 31% in relation
to pre-industrial levels (Houghton et al., 2001) with 30% of
anthropogenically-produced CO2 absorbed by the surface
layer of the oceans (Raven et al., 2005). This has resulted in
a reduction of 0.1 pH units in surface waters (Haugan &
Drange, 1996), with a further 0.3–0.5 pH drop expected by
2100 (Caldeira & Wickett, 2003), although pH decline
appears to proceed at a much faster rate than previously pre-
dicted with important ecological consequences for near shore
ecosystems (Wootton et al., 2008). Marine invertebrates that
construct exoskeletons, or other structural components,
from calcite and aragonite are likely to be particularly sensitive
to pH changes (Pörtner et al., 2004; Orr et al., 2005), and it is
recommended that any further research into the effects of
CO2-acidified seawater on marine invertebrates be carried
out on such keystone and model species. Consequently the
effect of mildly low pH/hypercapnic seawater on a key inter-
tidal species, the limpet Patella vulgata Linnaeus 1758, was

investigated. Intertidal organisms are, in general, thought to
be able to compensate internally for exposure to environ-
mental hypercapnia (Pane & Barry, 2007; Widdicombe &
Spicer, 2008) as they have evolved acid–base regulatory mech-
anisms to deal with pH fluctuations, frequently experiencing
pH lower than 7.5, and extremes as low as 6.5 in tidepools
during low tide (Morris & Taylor, 1983). Patella vulgata is
thus expected to display good acid–base compensation and
little perturbation of key functions like feeding and metab-
olism when exposed to pH ¼ 7.5. Consequently, we measured
(for the first time) pH, dissolved CO2 (and thus calculated
bicarbonate), divalent ion concentration of the haemolymph
fluid, together with metabolic rates and feeding in response
to exposure to the concentration of dissolved CO2 predicted
by the end of the century (Caldeira & Wickett, 2003).
Feeding was included as some preliminary experiments indi-
cated that rates of feeding in P. vulgata might decrease in acid-
ified seawater. Furthermore, a preliminary investigation was
carried out using scanning electron microscopy (SEM) to
determine whether low pH/hypercapnia could significantly
affect this function, via alteration to the morphology of the
feeding organ (the radula), which is predominantly a chiti-
nous structure (Mann et al., 1986 and references within).
Although on this basis the radula perhaps would not be
regarded as directly sensitive to acidified seawater, the
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general appearance of radular teeth, the number of broken
teeth, and the extent to which they were broken, in individual
limpets exposed to either normocapnic or hypercapnic con-
ditions were compared. Patella vulgata is described as a key-
stone species due to the role of patellid limpets generally as
the dominant grazers on north-west Atlantic rocky shores
and because they function in ‘top-down’ control of ecosystem
dynamics (Hawkins & Hartnoll, 1983; Jonsson et al., 2006), so
if acidification compromises the function of this intertidal
(and thus considered tolerant) species, the consequences for
intertidal ecology are likely to be of broad relevance for
rocky shore ecosystems and their biotic communities.

M A T E R I A L S A N D M E T H O D S

Limpet collection and maintenance
Adult individuals of the common limpet Patella vulgata
(.4.0 cm length, .3.5 cm width, .2.5 cm height) were
hand collected from just above mean low water springs, on
the rocky shore at Mount Batten, Plymouth, UK (50821.34′N
04807.45′W) during January and June 2008. Individuals were
collected attached to substrate bearing their home scar and
taken to the laboratory at the University of Plymouth, within
1 hour of collection, inside insulated containers filled with
damp macroalgae. Upon arrival limpets were distributed
amongst a number of large aquaria (volume ¼ 20 l) supplied
with recirculating (and filtered) natural seawater (S ¼ 33,
T ¼ 158C). Rocks and boulders from the collection site
covered with microalgae were placed in the aquaria to
provide food for the limpets, and arranged such that the
limpets had the opportunity for voluntary immersion. Shell
epibiota was removed manually, except for a red encrusting
film which was not possible to clean off without damage occur-
ring. Such cleaning was necessary to both reduce epibiont res-
piration and allow visual detection of any hypercapnic-related
shell dissolution, as this phenomenon has been documented
previously in Patella caerulea exposed to pH 7.4 around volca-
nic CO2 vents (Hall-Spencer et al., 2008). Only one mortality
was recorded during the holding period.

Experimental set-up and seawater acidification
The largest individuals of P. vulgata were randomly assigned
either to a normocapnic (nominal pH ¼ 8.2, N ¼ 10) or
hypercapnic (nominal pH ¼ 7.6, N ¼ 10) treatment. Adults
of P. vulgata were kept individually, on their original sub-
strate, in containers with screw lids (volume ¼ 0.5 l) filled
with artificial seawater (Instant Ocean, S ¼ 35 throughout),
and aerated using glass Pasteur pipettes fitted into each lid
with compressed air for the normocapnic or compressed air
enriched with CO2 for the hypercapnic treatment. Seawater
acidification was achieved using the method employed by
Ellis et al. (2009). The pH was measured using a pH meter
(Inlab 413SG electrode and Sevengo meter, Mettler Toledo,
Switzerland) employing the British National Scale (BNS).
Total CO2 (TCO2) was measured using a CO2 analyser
(965D, Corning Limited, UK). Additional carbonate system
parameters (pCO2, alkalinity, calcite and aragonite saturation,
HCO3

2, and CO3
22) were calculated using CO2SYS (Pierrot

et al., 2006), with dissociation constants from Mehrbach
et al. (1973) refit by Dickson & Millero (1987) and KSO4

using Dickson (1990). To avoid accumulation of waste pro-
ducts and alteration of water pH and O2, water was replaced
every eight hours.

Measurement of metabolic and feeding rates
Rates of O2 uptake, used as proxy for metabolic rate, were
obtained for individuals (pH 8.2, N ¼ 6; pH 7.6, N ¼ 10).
Oxygen uptake was determined by using a well-established
closed respirometer technique (see Spicer & Eriksson, 2003).
Upon completion of these measurements individuals were
removed from their shells, and weighed (FP-203 Fisherbrand,
Fisher Scientific UK Ltd, UK). Digital photographs of exposure
chambers (control and experimental) were taken after an 8 hour
period before a water change was performed (between 0800 and
1600 daily for the entire duration of the experiment) and total
area (mm2) of accumulated faeces for each individual for each
day was calculated using AnalySIS Digital, which was used as
estimate of individuals’ feeding rates (pH 8.2, N ¼ 9, pH 7.6,
N ¼ 9).

Haemolymph acid–base parameters, divalent
ion content and protein content
Haemolymph (volume ¼ 100–500 ml) was collected anaero-
bically using 1 ml hypodermic syringes, equipped with a
21 g needle that was inserted, via the foot, anaerobically into
the overlying pallial sinus. Immediately after sampling,
TCO2 of anaerobically-drawn haemolymph (50 ml) was deter-
mined in a CO2 analyser (965D, Corning Limited, UK) using a
50 ml subsample. Simultaneously, extracellular pH was esti-
mated (anaerobically) at 168C by direct insertion of a micro-
electrode pH probe (Inlab 413SG electrode and Sevengo
meter, Mettler Toledo, Switzerland) using a microcentrifuge
tube (volume ¼ 0.6 ml, Eppendorf). Bicarbonate ion concen-
trations ([HCO3

2]) from individual limpets’ haemolymph
were calculated using the Henderson –Hasselbach equation
in the form (Spicer et al., 1988):

(1)[HCO−
3 ] = TCO2 − a( pCO2)

where a is the solubility coefficient of CO2 in seawater
(0.0499 mmol l21 Torr21 at salinity 35 and temperature
158C) and pCO2 ¼ TCO2/a(10pH2pK

i + 1). pKi is the negative
log of the dissociation constant of carbonic acid in seawater
(6.04, salinity 35 and temperature 158C) (Truchot, 1976).
The remaining haemolymph was transferred to a microcentri-
fuge tube (volume ¼ 1.5 ml, Eppendorf) and kept at 48C until
calcium ([Ca2+]) and magnesium ([Mg2+]) concentrations
in the haemolymph were determined using AAS (GBC
Double Beam and Varian Spectra 50, respectively). Protein
concentration of haemolymph sub-samples (1.5 ml) was
determined employing the A280 assay using a Nanodrop spec-
trophotometer (measurement in triplicate). For all above
measures at pH 8.2, N ¼ 10, at pH 7.6, N ¼ 9.

Scanning electron microscopy of radula
Complete radulas were carefully removed manually from all
limpets immediately after haemolymph sampling was
carried out. Radulas were stored for no more than 7 days
wrapped in aluminium foil. Two haphazardly selected
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subsections (�4 mm length) of the radula were extracted from
the anterior region, mounted and gold spattered prior to SEM
analysis (JEOL JSM 5600 LV). Images of worn teeth were
overlaid onto comparable images of non-worn teeth from
the same subsection and the amount of tooth lost (nm2) was
calculated using AnalySIS Digital Imaging Solutions v.5.
Average percentage of worn lateral teeth per each individual
limpet was calculated and data were arcsine transformed
before statistical analysis (pH 8.2, N ¼ 9, pH 7.6, N ¼ 9).

Statistical analyses
Statistical analyses were conducted using Minitab v.15, SPSS
v.16.0 and StatView as appropriate. Data were normally dis-
tributed in all cases (P . 0.05). Student’s t-test (not assuming
equal variances) was employed to test for possible differences
among physiological and integrative parameters measured at
control and experimental low pH/hypercapnia. Repeated
measure analysis of variance was employed to analyse
limpets’ feeding rates. Values are presented as means+SE.

R E S U L T S

Water pH was stable in normocapnic (8.24) and hypercapnic
(7.53) treatments throughout the experimental period. Mean
temperature was 13.88C for both control and low pH and sal-
inity remained constant at 35 (see Table 1 for experimental
conditions).

Patella vulgata showed an ability to fully compensate its
haemolymph pH when exposed to low pH/hypercapnic sea-
water for 5 days, as no significant effect of low pH/hypercapnia
on this physiological parameter was found when compared to
control conditions (t16¼21.217, P . 0.05; see Figure 1A and
Table 1). However, TCO2 and bicarbonate ion concentration
([HCO3

2]) were significantly greater in hypercapnic treatment
compared to the control (TCO22t12 ¼25.276, P ¼ 0.0002;
see Figure 1B and Table 1; ([HCO3

2])2t17¼23.530, P ¼
0.003; see Figure 1C and Table 1), suggesting that haemolymph
acidification was compensated, via increased dissolution of
bicarbonate.

Exposure to hypercapnia resulted in an increase in extra-
cellular [Ca2+] in respect to the control (t17 ¼ 4.760, P ,

0.001, see also Table 2), although the magnitude of the
effect was relatively small (D ¼ 2.18 mmol l21). No significant
difference was detected between control and low pH for
haemolymph protein content, extracellular [Mg2+], O2

uptake (maximum t10 ¼ 1.478, P . 0.05; see also Table 2),
and for rates of feeding (F1,52 ¼ 0.137, P . 0.05; see also
Table 3 for further details).

Marked shell dissolution was visible in the hypercapnic
treatment but not in the control (Figure 2). Radula of the
limpets from the low pH/hypercapnia treatment appeared to

Table 1. Measured (salinity, temperature, total CO2 (TCO2) and pH) and calculated physico-chemical parameters (total alkalinity (TA), pCO2, saturation
state (V) of calcite and aragonite, concentration of bicarbonate [HCO3

2] and carbonate [CO3
2-] ions) for microcosms of seawater throughout the entire

duration of the experiment. Mean values+SE are given.

Treatment Salinity Temperature
(88888C)

TCO2

(mmol kg21)
pH TA (mEq kg21) pCO2

(matm)
V calcite V

aragonite
HCO3

2

(mmol/kg)
CO3

2-

(mmol/kg)

Control Mean 35 13.84 2644.64 8.24 2942.69 418.61 5.48 3.51 2398.65 229.81
SE – 0.09 166.89 0.02 182.41 28.75 0.41 0.27 150.31 17.37

Acidified Mean 13.83 3316.82 7.53 3287.01 2803.82 1.4 0.9 3149.35 59.01
SE – 0.08 158.28 0.01 158.97 119.42 0.10 0.06 150.99 4.19

Table 2. Mean divalent ion and protein concentration in haemolymph
fluid (+SE) of individuals of the common limpet Patella vulgata exposed
for 5 days to normocapnic (pH 8.2) and hypercapnic (pH 7.6) conditions.

Nominal pH Calcium
(mmol l21)

Magnesium
(mmol l21)

A280 protein
assay (mg ml21)

8.2 Mean 15.25 53.72 3.3
SE 0.36 0.48 0.44

7.6 Mean 17.73 52.98 3
SE 0.36 0.79 0.29

Fig. 1. Haemolymph parameters of the common limpet Patella vulgata:
(A) pH; (B) TCO2; and (C) [HCO3

2] during exposure to low pH/
hypercapnic seawater. Histograms are mean values+SE. Significant
differences (P , 0.05) between normocapnic (pH 8.2) and hypercapnic
treatment (pH 7.6) are highlighted with an ∗ .

functional responses of limpets to co
2
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show more signs of wear than those from the control
(Figure 3).

There were more broken teeth in the low pH/hypercapnia
treatment compared with the control (6% compared to 26%;
t5 ¼ 2.58, P , 0.05; Figure 4) and the teeth from the

Fig. 2. Visual comparison of common limpets’ shell dissolution exposed to
normocapnic (left) and hypercapnic treatment (right).

Table 3. Influence of pH and day on the feeding rates of limpets
(measured as total area (mm2) of accumulated faeces for each individual
for each day). Degrees of freedom (df), sum of squares (SS), F-ratio and

probability level (P) are given.

Source df SS F-ratio P

pH 1 10.016 0.137 0.718
Day 4 618.969 1.264 0.296
pH∗day 4 329.317 0.672 0.614

Fig. 3. Representative subsections from the anterior radula of common limpets after exposure to normocapnic (A–D) and hypercapnic treatment (E–H). Red
arrows highlight rows with worn teeth; red circles highlight holes in the base of the radula.

1382 hannah k. marchant et al.

https://doi.org/10.1017/S0025315410000457 Published online by Cambridge University Press

https://doi.org/10.1017/S0025315410000457


hypercapnic treatment were significantly more worn than
teeth from normocapnic treatment (t14 ¼ 25.096, P ¼
0.0002; Figure 4).

D I S C U S S I O N

Patella vulgata showed near complete compensation of extra-
cellular acid–base balance, via concomitant increase in
haemolymph [Ca2+] and bicarbonate after 5 days exposure
to low pH/hypercapnia (pH 7.53), yet no significant alteration
of extracellular [Mg2+] was observed. Such compensation
does not seem to be so well developed in bivalve molluscs
(Lindinger et al., 1984; Michaelidis et al., 2005), although
the experimental conditions employed were not strictly com-
parable. The Ca2+:bicarbonate stochiometry, and the shell dis-
solution in P. vulgata (which has been observed in limpets
exposed to acidified water in situ; Hall-Spencer et al., 2008)
suggests that, as with other molluscs, passive shell dissolution
was the main source of bicarbonate; and clearly could not be
due to changes in feeding patterns. Certainly good compen-
sation is consistent with the notion that intertidal animals
should be better adapted to hypercapnia, than subtidal ones
(Pane & Barry, 2007; Widdicombe & Spicer, 2008) but we
can say no more at present.

There was no evidence of either hypo- (e.g. Pörtner et al.,
2004) or hyper- (e.g. Wood et al., 2008) metabolism in
P. vulgata associated with exposure to low pH/hypercapnia
as was found for other marine invertebrates. Neither
was there any significant change in the feeding rate.
However, whilst able to maintain acid–base balance, oxygen
uptake and feeding rates, there was evidence of significant
hypercapnia-related damage to the radula. There was an
increase in the number of damaged teeth and the extent to
which the tooth was damaged. Yet, the exact mechanism
that mediates this negative effect of exposure to low pH/
hypercapnia in limpets is unclear. Nonetheless, we may rule
out some potential mechanisms; as the radula is constructed
from chitin and protein and is not calcareous, low
pH-related dissolution is unlikely. Calcium has been,
however, located in the radula of P. vulgata but not as
CaCO3; instead it is incorporated in the crystalline phosphatic
mineral hydroxyapatite (Mann et al., 1986). However, the
short time scale over which this experiment was carried out
(5 days) would appear to rule out the direct effect of low
pH/hypercapnia in compromising the production of new
teeth in some way. Certainly radula replacement is believed

to be metabolically expensive (Davies et al., 2005). This is sig-
nificant as any physiological cost incurred as a result of radula
damage during the experiment may be ‘delayed’, and not
necessarily be detectable as alterations of feeding and metab-
olism during short-term exposure employed here. Further
investigation is necessary to unravel possible long-term
effects of exposure to low pH/hypercapnia on the physiologi-
cal ecology of limpets, and to define the exact physiological
mechanisms determining radular damage. It is not inconcei-
vable that there may be some future pathological or compen-
satory changes in feeding and/or metabolism linked with the
cost of radular repair; if so functional consequences of this
damage may result in a reduction in feeding efficiency and
related fitness of P. vulgata. Furthermore, even though main-
tenance of most ecophysiological functions might be unaf-
fected by the periodic, but acute, exposure to hypercapnia in
the intertidal zone, exposure to chronic levels of low pH affect-
ing the morphology and presumably the function of the radula
and the passive dissolution of the shell may still have wide-
ranging consequences for the top-down ecosystem control
that this organism exerts in rocky shore environments.
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