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ABSTRACT: There is an increasing need to predict the effects of global climate change on ecolog-
ically important marine organisms and a demand for proactive solutions to reduce CO, emissions.
CO, sequestration is one such method. While this offers a practical solution, recognition should be
given to the potential for considerable localised effects on marine organisms in the event of leak-
age. This laboratory study quantifies the impact of exposure to elevated pCO, conditions on the
physiological and behavioural responses of a relatively tolerant marine organism. Burrowing
shrimps Upogebia deltaura were exposed to CO,-enriched seawater for 35 d to treatments of
1396 patm (pH 7.64), 2707 patm (pH 7.35) and 14 110 patm (pH 6.71). CO, levels represented sce-
narios which included coastal ocean acidification and extremely elevated CO, associated with
geological CO, sequestration leaks. Results were compared with those from shrimps maintained
in a control treatment (pH 7.99). U. deltaura appeared to be tolerant to elevated pCO, predicted to
occur in the year 2100 (1396 patm, pH 7.64). However, at 2707 patm (pH 7.35) shrimps experi-
enced extracellular acidosis, but no difference in haemolymph bicarbonate concentration, sug-
gesting they have little or no buffering capacity, although there was no evidence of other physio-
logical costs in terms of metabolism, osmotic regulation, shell mineralogy, growth and overall
activity. At pH 6.71, before 100 % mortality occurred, significant differences in activity were
observed compared with shrimps in other pH treatments. Results suggest deleterious conse-
quences for benthic ecosystems in the event of a CO, sequestration leakage.
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INTRODUCTION

One of the greatest challenges currently facing ma-
rine ecosystems is that of anthropogenically acceler-
ated global climate change (GCC). This phenomenon
includes ocean acidification (OA), which results from

*Email: p.donohue.1@research.gla.ac.uk

an increased absorption of rising atmospheric CO,
into the oceans (Meehl et al. 2007) and leads to an ac-
celerated lowering of global ocean pH. This period of
accelerated change is in contrast to the stability of the
past 25 million years, where ocean pH has remained
between 8.3 and 8.0 (Caldeira & Wickett 2003). Since
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the beginning of the industrial revolution OA has led
to a reduction in ocean pH by 0.1 unit, and a further
reduction of ~0.3 to 0.4 pH units is predicted by the
end of this century (Orr et al. 2005); it is this acceler-
ated rate of change that is the cause of most concern
for marine systems. Furthermore, atmospheric pCO,
levels are predicted to increase from the present 380
patm to 1000 patm around the year 2100 and exceed
1900 patm by the year 2300 (Caldeira & Wickett 2003,
Raven et al. 2005). In addition to this general de-
crease in surface ocean pH, particular areas of the
coastal ocean can experience large increases in CO,
levels that can last for several months, including
those in upwelling zones (Feely et al. 2008, 2010), re-
stricted fjords or bays (Thomsen et al. 2010) and areas
with high riverine influence (Salisbury et al. 2008).

Recognition of the huge social, economic and polit-
ical implications of anthropogenically driven climate
change and OA has led to an increasing demand for
proactive solutions to reduce CO, emissions (Widdi-
combe & Needham 2007). Governments are present-
ly exploring the possibility of employing geological
CO, sequestration to help reduce the ongoing in-
crease in atmospheric pCO,, in an attempt to slow
down the negative effects of GCC (Blackford et al.
2009). This method of storage involves the injection
of CO, into underground reservoir rocks, and its use
has been demonstrated with success (Holloway
2005). While it is acknowledged that geological
sequestration is a practical solution to CO, mitigation
(Gibbins et al. 2006), recognition should be given to
the potential for considerable localised impact on
benthic marine organisms (Blackford et al. 2009) in
the event of periodic leakages from these sub-seabed
stores (Hawkins 2004). These acute and intense de-
creases in pH caused by localised CO, injections, and
chronic exposure to lower levels of CO, due to
anthropogenically accelerated global OA, may lead
to unfavourable conditions for some benthic organ-
isms that may affect their growth, metabolic rates,
calcification, behaviour and activity levels (see Wid-
dicombe & Spicer 2008, Wood et al. 2008, Munday et
al. 2010, Small et al. 2010, de la Haye et al. 2011). In
turn, this may result in high mortality rates, particu-
larly during acute exposures, and ultimately cause a
shift in the local benthic community composition and
biodiversity (see Barry et al. 2004, Hall-Spencer et al.
2008, Martin et al. 2008, Widdicombe et al. 2009a,
Cigliano et al. 2010, Hale et al. 2011, Kroeker et al.
2011). Examination of both physiological and behav-
ioural responses to a range of OA scenarios is critical
to further our understanding of how global environ-
mental change may impact marine systems.

In many ecosystems there are organisms that, as a
result of their specific mode of life, activity or interac-
tion with other species, have a disproportionately
large impact on the environment in which they live
and the organisms that live near them; these organ-
isms are referred to as ‘ecosystem engineers' (Jones
et al. 1994). Any changes in their abundance or activ-
ity can have a large impact on many of the processes
that underpin essential ecosystem processes. Exam-
ples include the cycling of key nutrients within
coastal and shelf sea ecosystems (Field et al. 1998,
Dale & Prego 2002, Widdicombe & Needham 2007,
Wootton et al. 2008) or the maintenance of biodiver-
sity (Widdicombe et al. 2000, Laverock et al. 2010).
The burrowing shrimp Upogebia deltaura is an abun-
dant component of the benthic community across the
majority of European coastal sediments (Haywood &
Ryland 2005) and construction and maintenance of
burrows by means of bioturbation and irrigation be-
haviour significantly influences the ecosystem. Bio-
turbation by shrimps significantly influences bacterial
community structure and composition, both within
the burrows and in surrounding surface sediment,
which may then determine the microbial transforma-
tions of important nutrients (Laverock et al. 2010). In
addition, the presence of burrows increases the sur-
face area of sediment across which nutrients can pass
and the number of sites for nutrient transformations
such as denitrification (Mayer et al. 1995, Astall et al.
1997, DeWitt et al. 2004, Webb & Eyre 2004). How-
ever, to date, relatively few studies have focused on
the response of important infaunal bioturbating or-
ganisms to changes in seawater acidity (e.g. in Nereis
diversicolor, Widdicombe & Needham 2007, and in
Amphiura filiformis, Wood et al. 2008, 2009, 2010).

The burrow environment is regularly exposed to
elevated pCO, and decreased pH levels; Astall et al.
(1997) recorded pH values of 8.0 to 7.6 in the labora-
tory in Y-shaped burrows of Upogebia stellata. Bur-
rowing macrofauna may therefore demonstrate a
higher tolerance to elevated pCO, levels than that of
organisms living on the sediment surface (Widdi-
combe & Spicer 2008, Wood et al. 2010, Widdicombe
et al. 2011). In the present study we investigated the
impact of exposure to elevated pCO, on the physio-
logy and behaviour of U. deltaura to determine the
response of this species to conditions of acute and
intense elevations in seawater pCO, and/or de-
creased burrow pH. Experimental treatment levels
were chosen to represent a range of scenarios from
coastal ocean acidification to intense environmental
hypercapnia associated with leaks for sub-seabed
CO, stores.
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MATERIALS AND METHODS
Collection and maintenance of burrowing shrimp

Intermoult adult individuals of Upogebia deltaura
(weight = 5.9 + 0.78 g [mean + SE]) were collected in
July 2009 from an area of subtidal muddy sand
(water depth = 12 m) in Jenny Cliff Bay, Plymouth,
UK (50°20'93" N, 04°07' 61" W). A box corer, 0.1 m?
in size, was used to collect the sediment, which was
immediately sorted by hand to retrieve the shrimps.
Upon collection, the shrimps were immediately trans-
ferred to individual mesh-covered sample containers
and placed in plastic buckets containing free-flowing
seawater for transportation to the CO, mesocosm
facility at the Plymouth Marine Laboratory, Ply-
mouth. Upon arrival at the laboratory, shrimps were
gently blotted to remove excess water, weighed with
a digital scale (Fisher Scientific, model SG-202, Euro-
pean Instruments) and placed in individual transpar-
ent plastic tubes (20 cm in length, 26 or 30 mm dia-
meter). The plastic tubing was designed to mimic the
shrimp burrow and was covered at each end with a
mesh net (mesh size, 0.5 mm diameter). Each tube
was then placed into individual 3 1 aquaria with sea-
water. In the laboratory, Astall et al. (1997) deter-
mined the burrows of U. deltaura were between 17
and 23 mm in diameter, which was constant through-
out the burrow, and contained occasional turning
chambers. In the present study, 2 sizes of tubes, made
from clear plastic tubing (Endsleigh Garden Centre,
Plymouth), that allowed unrestricted movement
within the tube, were used: 200 mm x 26 mm diame-
ter and 260 mm x 30 mm diameter for small (<6 Q)
and large (>6 g) shrimps, respectively. All aquaria
were supplied with a continuous flow of natural sea-
water (temperature [T] = 15°C, S = 35), consistent
with environmental data recorded at the time of col-
lection from the seabed (depth = 11.4 m, T = 14.8°C,
S =35.1). Seawater was collected from the Eddystone
area, 20 km offshore from Plymouth. Aquaria were
then covered with a lid and blackout fabric; this
ensured shrimp were maintained in the dark in the
absence of sediment-based burrows. Shrimps were
held for no more than 1wk before starting the experi-
ment and were not fed during this time.

Experimental design
The experimental treatments were nominally main-

tained at pH 8.0 (control), 7.6, 7.3 and 6.7. These lev-
els were chosen to mimic predicted values that poten-

tially could be encountered by benthic organisms
under ocean acidification scenarios (pH 7.6) and dur-
ing upwellings and CO, storage leaks (pH 7.3 to 6.7)
(Feely et al. 2008, 2010, Blackford et al. 2009, Thom-
sen et al. 2010). Twenty-four 3 1 plastic aquaria were
allocated randomly to 1 of the 4 different pH treat-
ment levels. Each aquarium was supplied individu-
ally and continuously with gravity-fed natural seawa-
ter at a constant rate (10 ml min™') from the
appropriate header tank. This ensured complete
water turnover approximately every 5 h and pre-
vented the build-up of any waste products such as
additional dissolved CO, from respiration (Widdi-
combe et al. 2009b, Hale et al. 2011). Seawater acidi-
fication was achieved by bubbling pure CO, gas
through the water in the header tanks exactly as
described by Widdicombe & Needham (2007). Each
aquarium was supplied with a small mesh bag (mesh
size, 0.5 mm diameter) containing 3 g of activated car-
bon to prevent ammonia accumulation (Small et al.
2010). Nominal temperature for the exposure period
was 15°C and salinity was 35. At the start of the expo-
sure period, 24 shrimps were randomly assigned to 1
of 4 pH levels (6 individuals per nominal treatments
of pH 6.7, 7.3, 7.6 and 8.0 [control]), to ensure, as
much as possible, an even distribution of weights
across the 4 treatments: in fact, no significant differ-
ence in wet weights (g) of individuals was found
across all treatments (F, 15 = 0.255, p = 0.778). Each of
the 24 shrimps were placed in individual aquaria and
used as stated previously. The exposure period was
35 d. Shrimp were fed by adding 0.2 ml Instant Algae
(~400 million cells) (Shellfish Diet 1800, Reed Mari-
culture) to the natural seawater in the header tanks
(4501) every 5 d for the duration of the experiment.

Experimental monitoring

Throughout the exposure period water samples
were removed daily from each of the 24 exposure
aquaria to measure pH, salinity, temperature and dis-
solved inorganic carbon (DIC). pH was measured ac-
cording to US National Bureau of Standards with a
pH meter (Sevengo, Mettler Toledo) and a pH elec-
trode (Seven Easy, InLab micro electrode), DIC was
measured with a carbon dioxide analyser (965D,
Corning Diagnostics), and temperature and salinity
were measured using a hand-held conductivity meter
(Multi350, WTW). Additional carbonate system para-
meters (pCO,, alkalinity, calcite and aragonite satura-
tion, [HCO57] and [CO427]) were calculated from pH
and total DIC values by using the software program
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CO2SYS (Pierrot et al. 2006) with dissociation con-
stants from Mehrbach et al. (1973) refit by Dickson &
Millero (1987) and [KSO,] using Dickson (1990). Over
the course of the 35 d exposure there were 6 mortali-
ties, all of which occurred in the pH 6.7 treatment.
Two replicates were also lost in the pH 7.3 treatment
due to an unexpected alteration of the experimental
conditions in 2 aquaria, leaving 16 individuals (6 indi-
viduals in each of the nominal treatments pH 7.6 and
8.0 and 4 individuals in nominal treatment pH 7.3).

Determination of shrimp activity

Three individual shrimps from each of the 4 treat-
ments were filmed at random times during each day
of the 35 d exposure so that video footage could be
analysed to ascertain any difference in shrimp behav-
iour between treatments. During filming individual
aquaria containing each shrimp (within a plastic tube
and seawater at the respective pH) were removed
from the experimental set-up and transferred directly
to the filming set-up. The filming set-up consisted of a
hooded compartment covered with black-out mater-
ial, which allowed for filming under dark conditions,
and a video camera mounted on a tripod. Filming was
done using infrared vision. Shrimps were filmed indi-
vidually, and once moved into position within the
filming set-up, were given 10 min to recover from any
imposed handling stress and then filmed for a further
10 min. During filming the shrimp were kept at their
experimental pH treatment conditions to prevent any
potential recovery influencing test outcomes. Prelimi-
nary experiments indicated that experimental pH
was maintained over the 20 min total filming period
without continuous supply from the header tanks.
Eight behavioural end-points were identified from
preliminary analysis of the video footage: (1) no
movement: no visible movement; (2) pleopod beating:
the abdomen and the telson were motionless, pleo-
pods were moving in a fanning motion; (3) walking:
movement up and down or around the circumference
of the tube using pereopods; this included turning
(180° somersault to change direction); (4) flexing:
movement of the abdomen and telson, curling in to-
wards the cephalothorax in a flexing motion; (5)
cleaning: scratching or brushing the cephalothorax,
abdomen, telson and other appendages using the
pereopods (usually the fifth pair); (6) cleaning with
pleopod beating: cleaning simultaneously accompa-
nied with pleopod beating; (7) cleaning with flexing:
cleaning simultaneously accompanied with flexing;
(8) feeding: movement of the mandible and/or max-

illa, and/or use of the pereopods to ‘feed’. Video re-
cordings were then watched in real time and the time
the shrimp spent carrying out each behaviour was
recorded with a hand-held pocket observer (Work-
about Pro-C, Psion Teklogix). The percentage of time
each shrimp spent engaged in each activity category
was then determined.

Determination of metabolic rate

To determine the response of Upogebia deltaura
metabolic rate to exposure to elevated pCO, condi-
tions at the end of the 35 d exposure period, O, uptake
(used as a proxy of routine metabolic rate [RMR]) was
measured using closed bottle respirometers. Individ-
ual shrimp were placed in a blacked out 300 ml
respirometer. The respirometer vessels were left open
for the first 15 min to allow the shrimps recovery time
from handling. The respirometers were then closed
for a further 15 min. The [O,] was measured im-
mediately before closing and immediately after the
15 min incubation time, by using an O, electrode
(1302, Strathkelvin Instruments) connected to a cali-
brated oxygen meter (781, Strathkelvin Instruments)
and expressed as pl O, mg (wet mass)™* h™!. The size
of the respirometers was such that O, saturation did
not go below 79 % during the incubation period, thus
ensuring individuals did not experience hypoxic con-
ditions. All individuals remained in the designated
treatment water throughout the experimental period
to prevent the effect of any potential recovery influ-
encing the test outcomes. All individuals were re-
turned to the experimental aquaria and left for at least
24 h before other physiological tests were carried out.

Measurement of haemolymph acid-base status and
total osmolality

Key haemolymph acid-base parameters (pH and
total CO, (Cco,)) were measured in all individuals at
the end of the 35 d exposure period. Haemolymph
was extracted by inserting a 100 pl Hamilton syringe
dorsally, directly into the pericardium via the arthro-
dial membrane between the cephalothorax and the
abdomen; the individual was immobilised in a verti-
cal position to allow gravity to assist in recovery of
the sample. Haemolymph was extracted carefully to
obtain clean, clear and anaerobic samples. Samples
were carefully but rapidly placed in a 1.6 ml Eppen-
dorf tube and 2 operators worked together to min-
imise the handling time. Operator 1 immediately
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analysed haemolymph for CCO, by pipetting a 50 pl
subsample into a carbon dioxide analyser (965D,
Corning Diagnostics), and then measured osmolality
by pipetting a 10 pl haemolymph subsample into a
vapour pressure osmometer (5520 VAPRO, Wescor).
Operator 2 measured haemolymph pH (in less than
10 s after extraction) by immersing a micro-pH probe
(Micro-InLab pH combination electrode, Mettler
Toledo) in the haemolymph (see Miles et al. 2007,
Spicer et al. 2007, Marchant et al. 2010, Small et al.
2010). The micro-pH probe was attached to a cali-
brated pH meter (Seven Easy pH Meter, Mettler
Toledo). Haemolymph pCO, and [HCO;™] were cal-
culated with the Henderson-Hasselbach equation in
the following forms (see Spicer et al. 2007):

pCO, = CCO, / o, (1OPHPK'L 4 1) (1)
[HCO;7] = CCO, - o pCO, (2)

where « is the solubility coefficient of CO, in crab
haemolymph (taken from Spicer et al. 2007 as
0.376 mmol 1"! kPa~!, calculated from Truchot's 1976
values for haemolymph from the European shore
crab Carcinus maenas, kept at S =35, T=15°C), and
pK'1 is the first apparent dissociation constant of car-
bonic acid (6.027 from Truchot 1976), also using val-
ues from C. maenas haemolymph at S =35, T=15°C,
see also Spicer et al. 2007, Small et al. 2010). The
remaining haemolymph was placed in ice to prevent
clotting and water evaporation before being frozen
and stored for further analysis.

Determination of haemolymph ions

To determine whether elevated pCO, caused an
alteration in extracellular ion regulation in Upogebia
deltaura, a 10 pl subsample of haemolymph from all
16 surviving individuals was diluted to 2 ml with
ultra pure water. The samples were then analysed for
[Ca?], [Mg?'], [K*] and [Na*], by using an atomic
absorption spectrometer (725-ES, ICP optical emis-
sion spectrometer, Varian).

Determination of shell mineralisation

To determine whether elevated pCO, caused an
alteration to shell mineralogy of Upogebia deltaura,
all 16 surviving individuals were dissected and the
left chela, abdominal somites and telson were re-
tained and frozen for analysis of [Ca?*], [Mg?'], [K]
and [Na*]. The samples were scrubbed clean of all

soft organic material before being freeze-dried at
-50°C for 48 h. Samples were then weighed and di-
gested as follows. The abdominal somites and the tel-
son were analysed together and the whole left chela
(dactylus and propodus) was analysed separately.
Each sample was weighed and placed in a 50 ml
glass beaker with 3 ml of nitric acid (70 % concentra-
tion, trace analysis grade) to digest the sample. The
beakers were then covered with a watch glass and
left at room temperature for 60 min to allow easily
oxidised material to be digested. Samples were then
placed on a hotplate (Hotplate, S & J Juniper) and
gently heated to boiling for at least 1 h so that sam-
ples were fully digested. All samples were then trans-
ferred into acid-washed 25 ml volumetric flasks and
diluted to 25 ml with ultra pure water. The samples
were then analysed for [Ca?*], [Mg?*], [K*] and [Na*]
by using an atomic absorption spectrometer (725-ES,
ICP optical emission spectrometer, Varian).

Statistical analyses

All physiological data were analysed with SPSS
17.0. Data were found to meet assumptions for nor-
mality of distribution (Kolmogorov-Smirnov test: p
0.05) and homogeneity of variance (Levene's test: p >
0.05). Where required, data were transformed by us-
ing either logy (for seawater pCO,) or square-root (for
seawater calcite and aragonite saturation, and
[CO5%7]). A 1-way ANOVA test was used to investigate
differences in whole-organism ecophysiological re-
sponses and shell mineralogy between the control
and elevated pCO, treatments. Differences between
means were considered to be significant when p <
0.05. If a significant difference between treatments
was found a Tukey-Kramer post hoc test was used to
allow for multiple comparisons. When assumptions of
ANOVA were not met (Levene's and Kolmogorov-
Smirnov tests: p = 0.05; shell calcification; abdominal
somites and telson [Ca?'] and [Na*]) the nonpara-
metric Kruskal-Wallis test was used. All physiological
parameters were preliminarily tested against pH
treatment level in combination with body mass as co-
variate using analysis of covariance (ANCOVA).
Where body mass was not found to co-vary with a
physiological parameter (p = 0.05) it was removed
from further analysis. To assess the effect of elevated
pCO, on the overall activity of Upogebia deltaura a
permutational multivariate ANOVA (PERMANOVA)
approach (Anderson 2001, McArdle & Anderson
2001) was adopted with the 8 different categories (see
‘Determination of shrimp activity') of shrimp activity
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Qara‘
0.11 +0.034

1.52 +0.142
0.77 + 0.08>
0.40 + 0.04¢

Qcaf
1.19 +0.12°

2.37 +0.22°
0.62 + 0.06°
0.16 + 0.044

[COs*]"
(nmol kg™
99.67 + 9.49°
26.24 + 2.60¢
6.91 + 1.824

50.36 + 5.12P

[HCO;7]*
(pmol kg™
1749.24 + 99.80°
1960.33 + 56.36°
1991.41 + 49.72°

pCO,*
(patm)
606.53 £ 95.01°
1395.77 + 147.47°

2707.42 + 168.70°

TA*
(REq kg™)

2087.98 + 56.43

2058.21 + 53.76

1988.06 + 82.04 14109.50 + 2674.66% 1970.69 + 79.63"

DIC
(pmol kg™

1870.03 + 98.79% 2004.67 + 100.57

2055.43 + 57.88"

2120.40 + 21.58

pH
7.35 £ 0.03°
6.71 £ 0.099 2411.78 + 82.29°

asterisk (*). DIC: dissolved inorganic carbon; TA: total alkalinity; Q.4 calcite; Q,.: aragonite saturation
7.64 + 0.04°

14.0+0.2 799+ 0.05%

Temperature
14.0+£0.1
14.0+ 0.1
14.3+0.1

Salinity
35.5+0.09
35.5+0.07
35.5+0.01
354 +0.16

Table 1. Mean + SD of seawater physico-chemical parameters measured in or calculated for the experimental aquaria throughout the 35 d exposure period. Different let-
(control)

ters accompanying values within a column represent significant differences between treatments according to ANOVA. Variables calculated from pH and total DIC using
CO2SYS (Pierrot et al. 2006) with dissociation constants from Mehrbach et al. (1973) refit by Dickson & Millero (1987) and [KSO,] using Dickson (1990) are indicated by an

Treatment

pH 8.0
pH 7.7
pH 7.3
pH 6.7

being considered as individual variables. For each
shrimp, activity data collected at the different time
points were pooled to give the average % time each
individual shrimp spent engaged in each of the 8 ac-
tivities over the course of the experiment. These aver-
aged activity data were square-root transformed to
ensure the assessment of overall activity was not un-
duly dominated by a few frequently observed activi-
ties. PERMANOVA+ routines (beta version, Anderson
et al. 2008), which are an ‘add-in' to the PRIMER 6
software, were used to carry out formal tests for the
main effect of pH treatment level. Where a significant
effect was observed, pair-wise PERMANOVA was
used to determine where significant differences ex-
isted between the different pH levels. Where signifi-
cant effects were identified, SIMPER analysis
(PRIMER 6 software) was used to determine which
shrimp activities may have contributed most (in terms
of percent time) to the potential differences in activity
amongst treatments.

RESULTS
Experimental conditions

The actual exposure pH of all treatments remained
close to their nominal values: pCO, of 607 patm
equivalent to pH 7.99 (nominal pH 8.0), pCO, of
1396 patm equivalent to pH 7.64 (nominal pH 7.6),
pCO, of 2707 patm equivalent to pH 7.35 (nominal
pH 7.3) and pCO, of 14 109 patm equivalent to pH
6.71 (nominal pH 6.7) (see Table 1). Actual exposure
pH will be referred to throughout the Results and Dis-
cussion. The pH and the pCO, of the experimental
treatments all differed significantly among each
other (pH: F;, = 287.42, p < 0.001; pCOy: F; 90 =
552.118, p < 0.001, Table 1), whilst salinity and tem-
perature did not (maximum F; 5 = 0.569, p = 0.580,
Table 1). [HCO;37] in the control (nominal pH 8.0)
aquaria was significantly lower than in the acidified
treatments (F; 50 = 12.785, p < 0.001, Table 1). [CO5*]
and calcite and aragonite saturation decreased signif-
icantly with decreasing pH (minimum F; 5, = 332.022,
p < 0.001, Table 1). Alkalinity did not differ signifi-
cantly among treatments and ranged between 2090
and 1990 pEq kg™ (F3 90 = 2.249, p = 0.114, Table 1).

Mortality

A 100 % mortality of shrimp was recorded for sea-
water treatment pH 6.71; mortalities occurred on
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Days 7, 8, 12, 19, 27 and 35 of the 35 d exposure pe-
riod. The average number of days alive for Upogebia
deltaura in treatment pH 6.7 was therefore 13.14 +
7.43 d (mean + SE). There were no other mortalities
across all other treatments. Therefore, physiological
experiments examined the shrimp in treatments pH
7.35, pH 7.64, and pH 7.99 (control).
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Fig. 1. Upogebia deltaura. Effects (mean + SE) of seawater

pCO; on (a) haemolymph pH, (b) haemolymph pCO, and (c)

haemolymph [HCO;7] after 35 d exposure. Different letters
represent significant differences among treatments

Extracellular acid-base balance

Exposure to elevated environmental pCO, caused
a significant reduction in haemolymph pH (F;; =
8.812, p = 0.004, Fig. 1a) and an increase in haemo-
lymph pCO, (F,,1, = 18.041, p = < 0.001, Fig 1b). In
particular, haemolymph pH of Upogebia deltaura ex-
posed to treatment pH 7.34 was significantly lower
and pCO, was significantly higher than those re-
corded for shrimps exposed to control conditions and
pH 7.64, which did not differ between each other
(Fig. 1c). There was no significant effect of acidified
treatments on haemolymph HCO;™ (bicarbonate)
concentration (F, 1, = 1.995, p = 0.179, Fig. 1c) or
CCO, levels across all 3 treatment levels (maximum
F, 1, =2.960, p = 0.090).

Rates of O, consumption and growth

Rate of O, consumption of adult individuals of Upo-
gebia deltaura were not significantly affected by
exposure to elevated pCO, levels (F, 1, = 0.75, p =
0.491, Table 2). Similarly, exposure to elevated levels
of pCO,; had no significant effect on the final wet
weight of shrimps (related-samples Wilcoxon signed
rank test: maximum W, = -1.76576, p = 0.068).

Osmolality and haemolymph ions

There was no significant effect of elevated pCO,
levels on total osmolality of haemolymph in Upoge-
bia deltaura across all treatments after 35 d exposure
(Fo,13 = 0.094, p = 0.911, Table 2). Similarly, a 35 d
exposure to elevated pCO, conditions did not cause
an alteration of [Ca?*], [Mg?'], [K*] and [Na*] in the
haemolymph of U. deltaura, as no significant differ-
ence was observed between the control (pH 7.99)
and low pH treatments (maximum F, 3 = 0.987, p =
0.399, Table 2).

Shell mineralisation
Abdominal somites and telson

After a 35 d exposure to elevated pCO,, levels of
[Ca?'], [Mg?'], [K*] and [Na*] in the abdominal plates
and telson of Upogebia deltaura did not differ signifi-
cantly from the control treatment (Kruskal-Wallis
test: maximum p = 0.948, Table 2). The calcification
ratio ([Ca%*]:[Mg?"]) in the abdominal plates and tel-
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Table 2. Upogebia deltaura. Mean + SD of key physiological parameters measured in adult individuals after 35 d exposure to
control pH and low pH/increased pCO,. Cco,: total CO,

Treatment O, uptake Osmolality [Na*] [K*] [Ca?] [Mg?*] Cco,
(u1 O, mgh™? (mmoll?) (mmol 171 (mmol1™')  (mmol 17! (mmol 171 (umol 1)
Metabolism
pH 7.99 (control) 0.08 +0.04
pH 7.64 0.13+0.11
pH 7.35 0.14 £ 0.1
Haemolymph
pH 7.99 (control) 958.67 + 55.32 34238 +14.21 898 +2.53 11.15+0.89 34.96+1.89  4200.00 = 1935.20
pH 7.64 953.00 £ 31.53 349.21 + 10549 8.27+2.01 10.13+1.39 33.37+11.48 7209.33 +2944.51
pH 7.35 934.75 + 66.81 376.02 + 108.35 8.87 £2.68 10.02+2.21 35.56 +12.02 5178.00 + 2524.72
Abdominal somites and telson mineralisation
pH 7.99 (control) 1.21+039 0.22+0.03 2.64+044 0.48+0.09
pH 7.64 1.05+0.16 022+0.03 236+0.55 0.42=+0.08
pH 7.35 1.06£0.09 020+0.05 214+116 040+0.13
Chelae mineralisation
pH 7.99 (control) 0.66 +0.28 0.08+0.05 5.12+231 0.62+0.27
pH 7.64 0.76 £+0.16  0.14+0.04 7.17+3.77 0.86+0.42
pH 7.35 0.84+036 0.15+0.09 517+1.12 0.66 +0.09

son of each shrimp was also calculated and no signif-
icant difference between treatments was detected
(Kruskal-Wallis Test: p = 0.832, Table 2).

Chela

After a 35 d exposure to elevated pCO,, levels of
[Ca?"], [Mg?*], [K*] and [Na*] in the left chela of Upo-
gebia deltaura did not differ significantly from the
control treatment (pH 7.99) (maximum F, ;3 = 2.116,
337 p = 0.160, Table 2). The calcification ratio ([Ca?*]:
[Mg?*]) in the left chela of each shrimp was also cal-
culated and no significant difference between treat-
ments was detected (F, 13 = 0.671, p = 0.528, Table 2).

Activity analysis

Shrimp behaviour was significantly affected by pH
(pseudo-F = 3.9483, p(perm) = 0.002). Other factors
included in the analysis were sex, wet weight of the
shrimps, the time of day when filming was conducted
and the number of days of exposure at the time of
filming, none of which were found to have a signifi-
cant effect on shrimp behaviour. Pair-wise analysis
revealed that the significant effect of pH on shrimp
behaviour resulted from significant differences be-
tween pH 6.71 and the other pH treatment levels:
pH 7.99 (t=2.596, p(perm) = 0.006); pH 7.64 (t=1.828,
p(perm) = 0.04); pH 7.35 (t = 2.554, p(perm) = 0.004).

SIMPER analysis showed that the differences in over-
all activity resulted predominantly from an increase
in pleopod beating and a decrease in walking,
flexing and cleaning behaviour in pH 6.71 compared
with the other pH treatments (Fig. 2). At pH 6.71,
shrimp spent an average of 35.02% of the time pleo-
pod beating, compared with 3.13% at pH 7.99 (con-
trol), 9.47 % at pH 7.64 and 5.35 % at pH 7.34. In addi-
tion, at pH 6.71, shrimp spent an average of 5.34 % of
the time walking, compared with 19.56 % at pH 7.99
(control), 11.06 % at pH 7.64 and 15.63 % at pH 7.35.
Also, at pH 6.71, shrimp spent an average of 2.33 % of
the time flexing at, compared with 7.72% at pH 7.99
(control), 3.45% at pH 7.64 and 9.53 % at pH 7.35. Fi-
nally, at pH 6.71 shrimp spent an average of 4.80 % of
the time cleaning, compared with 13.92 % at pH 7.99
(control), 12.72% at pH 7.64 and 21.87 % at pH 7.35.

DISCUSSION

There was no significant effect of exposure to an
environmental pCO, of 1396 patm (equivalent to pH
7.64) on the physiology and behaviour of adult indi-
viduals of Upogebia deltaura during 35 d of exposure.
Physiological measurements included haemolymph
acid—base parameters, oxygen consumption (used as
a proxy for metabolism), osmotic regulation and shell
mineralogy. However, at seawater pCO, of 2707
patm (equivalent to pH 7.35) individual shrimps
experienced uncompensated extracellular acidosis,
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Fig. 2. Upogebia deltaura. Effects of seawater pCO, on the
overall activity of shrimps during the 35 d exposure. Histo-
grams represent the mean percentage time shrimp spent en-
gaged in each of the 8 defined categories of activity (see
‘Material and methods: Determination of shrimp activity’').
Different letters represent significant differences between
treatments and the asterisk (*) indicates the shrimp activi-
ties that contributed most to the observed differences
between treatments

although there was no evidence of other physiologi-
cal costs in terms of metabolism, osmotic regulation,
growth and shell mineralogy. Furthermore, in seawa-
ter with pCO, of 14 109 patm (equivalent to pH 6.71)
no individual shrimp survived longer than 13 d on
average. During exposure, before mortality occurred,
shrimps in this treatment showed significant differ-
ences in overall activity compared with the shrimps
in the other pH treatments. Our findings indicated
that elevated pCO, conditions due to upwellings and
leakages from carbon capture and storage (CCS) will
probably exert severe negative effects on the behav-
ioural performances, ecophysiological functions and
survival of individuals of U. deltaura; however, this
species appears to be able to cope with seawater
pCO, levels similar to those predicted in coastal
ocean acidification scenarios, notwithstanding possi-
ble implications for their scope for growth and repro-
duction (Pistevos et al. 2011, Stumpp et al. 2011) and
(in the long term) survival.

Changes in environmental pH resulting from in-
creases in ambient pCO, levels in seawater can lead

[HCO:"] (mmol 17

to extracellular acidosis in marine decapod crustace-
ans (e.g. Pane & Barry 2007), which is characterised
by a decrease in haemolymph pH due to an increase
in haemolymph pCO, (Truchot 1979). In the present
study there was no evidence of acidosis reported in
adult individuals of Upogebia deltaura in treatment
pH 7.64, and values reported for haemolymph pH,
pCO, and [HCOj37] were comparable with those in
the control treatment. This suggests that pCO, levels
similar to levels predicted to occur in the ocean acidi-
fication scenario for 2100 are within the physiological
tolerances of this species. However, haemolymph of
shrimps in treatment pH 7.35 showed a significant
respiratory acidosis after a 35 d exposure (see Fig. 3.),
which suggests they have a lower tolerance to ele-
vated pCO, levels that would be analogous to CO,
sequestration leakage events or levels found in up-
welling zones (see Feely et al. 2010). The Davenport
diagram (Fig. 3) shows a clear respiratory component
to the reported acidosis in U. deltaura at a pH 7.35.
Although the nonbicarbonate buffer line is not
known for this species, the [HCO;™] level is much
lower than would be expected at this pH based on
the nonbicarbonate buffer line of related crustaceans
such as palaemonid shrimps (Palaemon elegans =
-1.5 = 0.5 mmol 0.1 pH™!, Taylor & Spicer 1991),
which suggests there is an additional metabolic com-
ponent to the observed acidosis.

353 25 2

1 0.75 0.5

7.8

Fig. 3. Upogebia deltaura. Davenport diagram illustrating
the relationship between haemolymph pH, [HCO;| and
pCO, in shrimps after 35 d exposure to seawater at a pH of
7.99 (white), 7.64 (grey) and 7.35 (black). Solid black line
shows the nonbicarbonate buffer line of a closely related
crustacean, Palaemon elegans, of —1.5 + 0.5 mmol 0.1 pH™
(Taylor & Spicer 1991). Points represent means + SE

0.25
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Our results differ from previous studies (e.g. Spicer
et al. 2007) that suggest marine decapod crustaceans
are able to compensate (completely or in part), in the
short term, for extracellular acidosis by increasing
bicarbonate ion concentrations [HCO;7] in the
haemolymph via shell dissolution (Truchot 1979,
Cameron & Iwama 1987, Pane & Barry 2007, Spicer
et al. 2007) and in the longer term by taking up bicar-
bonate from the surrounding seawater (Small et al.
2010) or by protein buffering (mainly haemocyanin,
reviewed by Whiteley 2011). Our study showed no
evidence of bicarbonate-buffering capacity in Upoge-
bia deltaura when exposed to pH 7.35 for the re-
ported extracellular acidosis, and no increase in
haemolymph bicarbonate [HCOj3;7] via shell dissolu-
tion (no significant difference in shell mineralogy be-
tween the control and treatments pH 7.64 and 7.35)
or uptake from surrounding seawater. Despite these
considerations our results may lend further support
to the conclusions of Cameron (1985) and Small et al.
(2010) that buffering of extracellular pH by using
[HCO;7] via shell dissolution may be a short-term
response to elevated pCO, but may be unsustainable
over prolonged periods of exposure, perhaps owing
to the high energetic costs of ion regulation. Esti-
mates of actual energetic costs of active ion transport
associated with release or uptake of [HCO37] in to the
haemolymph range from 2.8 to 40% of metabolic
expenditure, representing a significant energetic
cost to the organism (Pannevis & Houlihan 1992,
Leong & Manahan 1997).

Melatunan et al. (2011) suggested that a decrease
in metabolic rate may be a mechanism for conserving
energy levels and regulating intracellular pH,
thereby enabling organisms to deal with fluctuations
in environmental conditions (Sartoris & Portner 1997,
Langenbuch & Portner 2002). This is supported by
previous studies on an intertidal crustacean that re-
ported a significant reduction in metabolic rates in re-
sponse to elevated pCO, conditions (e.g. Small et al.
2010) and an inverse relationship between crusta-
cean activity levels and haemolymph [Mg?*"] (Walters
& Uglow 1981, Morritt & Spicer 1993, Wittmann et al.
2010, 2011). However, the present study reports no
significant effect of elevated seawater pCO, (treat-
ments pH 7.64 and 7.35) on metabolism, haemolymph
cation concentrations ([Mg?‘], [Ca2*], [K*] and [Na*])
and overall activity of Upogebia deltaura, although
metabolic data should be discussed with some
caution owing to the relatively small sample size em-
ployed here. In addition, there was no significant ef-
fect of elevated pCO, (treatments pH 7.64 and 7.35)
on haemolymph osmolality in U. deltaura, suggesting

that elevated pCO, conditions analogous to the pre-
dicted coastal OA scenario for 2100 may not affect
ionic regulation in this species. This further supports
the suggestion that pH 7.64 is within the physiological
window of tolerance of U. deltaura. Furthermore, al-
though there is no reported bicarbonate-buffering ca-
pacity for extracellular acidosis in shrimps exposed to
treatment pH 7.35, there is no evidence of other phys-
iological costs in terms of metabolism and growth,
haemolymph cation concentration, total osmolality, or
overall activity, for shrimps exposed to this treatment.
In addition, it is worth noting that inherent low levels
of metabolic rates in thalassinidean shrimps (Ander-
son et al. 1991, Stanzel & Finelli 2004), in comparison
with other decapod crustaceans, may partly explain
this group's natural tolerance to elevated pCO,. This
aspect of thalassinidean shrimp physiology may rep-
resent a specific adaptation of infaunal invertebrates
(see Widdicombe & Spicer 2008, Melzner et al. 2009),
which may already experience elevated levels of
pCO, in nature (Astall et al. 1997, based on meso-
cosm observations). This has been suggested, but to a
different extent, for intertidal organisms (McDonald
et al. 2009, Melzner et al. 2009, Todgham & Hofmann
2009, Small et al. 2010). However, the present study
also recorded a large physiological cost associated
with extreme elevated pCO, conditions, in which
there was 100 % mortality and a significant change in
activity (before mortality) for shrimps in treatment pH
6.71, compared with all other treatments. The shrimps
spent a greater percentage of their time beating their
pleopods, and less time walking and flexing. Pleopod
beating behaviour in thalassinidean shrimp has been
associated with the process of water renewal in the
burrow (Astall et al. 1997). Upogebiids are primarily
suspension feeders and the stimulus for burrow irriga-
tion could be either nutritional or respiratory (Astall
et al. 1997). Since the present study reported no sig-
nificant change in weight or feeding activity, it is con-
cluded that the stimulation for increased pleopod
beating may be an attempt to reduce pCO, levels
within the burrow and increase the diffusion gradient
across the gill epithelia. As discussed above, signifi-
cant respiratory, and probably metabolic, acidosis is
observed at an external pCO, of 2707 patm (Fig. 3)
and this would be expected to greatly increase at
14109 patm (pH 6.71). Respiratory acidosis is known
to stimulate ventilation in an attempt to reduce
haemolymph pCO, and increase haemolymph pH.
Metabolic acidosis could indicate an increased re-
liance on anaerobic metabolism, which could also
stimulate hyperventilation (Smatresk & Cameron
1981) in an attempt to increase O, uptake to meet the
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increased energetic demands of ion regulation. How-
ever, such mechanisms appear to be ineffective as
100 % mortality was observed at an environmental
pH of 6.71. Increased mortality is probably due to an
increase in ATP demand coupled with a reduction of
aerobic scope and the associated metabolic acidosis,
and a loss of haemocyanin function at low pH (see
Portner 2008, Melatunan et al. 2011). This suggests
that elevated pCO, at levels analogous to CO, se-
questration leakage events may exert a negative ef-
fect on benthic marine ecosystems.

Irrigation behaviour (pleopod beating), burrow con-
struction and maintenance behaviours have been
suggested as being important for the distribution of
bacteria within the shrimp burrow and may directly
influence the structure and composition of bacterial
communities both within the burrow and in surround-
ing sediments. This in turn will determine the micro-
bial transformations of important nutrients at the
sediment-water interface (Laverock et al. 2010).
Therefore, the reduction in walking and flexing be-
haviours, reported here for shrimps in treatment pH
6.71, may represent a reduction in burrow main-
tenance and building behaviour, which could lead
to an alteration in the microbial transformation of
nutrients. The recorded mortality of shrimps at pH
6.71 highlights the potentially significant negative
consequences of upwellings and leakage from CCS.
Although the present study reported no evidence of
extra costs to shrimps exposed to elevated pCO, in
treatments pH 7.64 and 7.35, it may be important to
consider that, over an extended period of time, con-
tinuous exposure to extreme environmental condi-
tions, such as elevated seawater pCO,, may have
implications for other physiological costs, such as
reproduction, development and growth (e.g. Wood et
al. 2008, Melatunan et al. 2011, Pistevos et al. 2011).
In addition, previous studies have observed that
shrimps will eventually leave their burrows when
exposed to extreme environmental conditions (see
Astall et al. 1997), which may be an attempt to relo-
cate to an alternative site with more favourable con-
ditions. However, this may increase the predation
risk to shrimps and could result in a significant reduc-
tion in essential ecosystem processes, for example
the cycling of key nutrients within coastal and shelf
sea habitats (see Field et al. 1998, Dale & Prego 2002,
Wootton et al. 2008, Laverock et al. 2010), which
could result in further negative ecological conse-
quences.

This study examined for the first time the effects of
a range of elevated environmental pCO, conditions
on both the behaviour and physiology of a relatively

tolerant marine organism. Upogebia deltaura ap-
pears to be able to withstand exposure to pCO, con-
ditions that are analogous to those predicted to occur
with coastal OA scenarios, and is possibly one of the
most tolerant crustaceans characterised so far. How-
ever, this species appears to function within a
relatively small window of tolerance, suggesting it is
probable that elevated pCO, conditions due to up-
wellings and CCS leakages could have significant
negative implications for shrimp physiology and sub-
sequently their behaviour. Widdicombe & Spicer
(2008) have suggested that negative effects at the
organism level would have significant implications
at the community and ecosystem levels, and the
high importance of U. deltaura, in terms of ecosystem
function (e.g. Laverock et al. 2010), could therefore
exacerbate the already negative effect. In addition,
the examination of species that seem to demonstrate
more tolerance to elevated pCO, conditions is an im-
portant step in increasing our understanding of how
organisms may respond to elevated pCO, events and
global climate change (Melzner et al. 20019), which
will enable us to make better predictions about the
ecological implications of elevated pCO, conditions
in the oceans, and better decisions about proactive
solutions to reduce CO, emissions.
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