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Abstract Ocean acidification, as a result of increased

atmospheric CO2, is predicted to lower the pH of seawater

to between pH 7.6 and 7.8 over the next 100 years. The

greatest changes are expected in polar waters. Our

research aimed to examine how echinoid larvae are

affected by lower pH, and if effects are more pronounced

in polar species. We examined the effects of lowered pH

on larvae from tropical (Tripneustes gratilla), temperate

(Pseudechinus huttoni, Evechinus chloroticus), and a

polar species (Sterechinus neumayeri) in a series of lab-

oratory experiments. Larvae were reared in a range of

lower pH seawater (pH 6.0, 6.5, 7.0, 7.5, 7.7, 7.8 and

ambient), adjusted by bubbling CO2 gas. The effect of pH

on somatic and skeletal growth, calcification index,

development and survival were quantified, while SEM

examination of the larval skeleton provided information

on the effects of seawater pH on the fine-scale skeletal

morphology. Lowering pH resulted in a decrease in sur-

vival in all species, but only below pH 7.0. The size of

larvae were reduced at lowered pH, but the external

morphology (shape) was unaffected. Calcification of the

larval skeleton was significantly reduced (13.8–36.9%

lower) under lowered pH, with the exception of the

Antarctic species, which showed no significant difference.

SEM examination revealed a degradation of the larval

skeletons of Pseudechinus and Evechinus when grown in

reduced pH. Sterechinus and Tripneustes showed no

apparent difference in the skeletal fine structure under

lowered pH. The study confirms the need to look beyond

mortality as a single endpoint when considering the

effects of ocean acidification that may occur through the

21st century, and instead, look for a suite of more subtle

changes, which may indirectly affect the functioning of

larval stages.

Introduction

Ocean acidification, the phenomenon of decreasing ocean

pH due to the uptake of anthropogenic carbon dioxide

(CO2), has been identified as an important consequence of

rising CO2 emissions worldwide (Feely et al. 2004; Orr

et al. 2005; Fabry et al. 2008). The oceans are the largest

active sinks of carbon on Earth, with an estimated 30% of

anthropogenic carbon emissions produced since 1980 taken

up by oceans (Sabine et al. 2004). This uptake of CO2

decreases ocean pH through the conversion of dissolved

CO2 into carbonic acid (H2CO3) that further dissociates

into bicarbonate (HCO3
-), carbonate (CO3

2-) and hydro-

gen ions (H?) in the following way:

CO2ðaqÞ þH2O$ H2CO3$ HCO�3 þHþ $ CO2�
3 þ 2Hþ

ð1Þ

As carbonic acid dissociates into bicarbonate and

carbonate the pH of the water is lowered by the release

of H? ions. Consequently, surface ocean pH has dropped

by 0.1 units since the industrial revolution (Caldeira and

Wickett 2003; Cicerone and Orr 2004) and if current trends

continue, is predicted to decrease a further 0.3–0.5 units by

2100 (Caldeira and Wickett 2005; Fabry et al. 2008).

Ocean acidification is expected to have a significant

effect on marine ecosystems and, in particular, on

Communicated by S. A. Poulet.

D. Clark � M. Lamare (&) � M. Barker

Department of Marine Science, University of Otago,

PO Box 56, Dunedin, New Zealand

e-mail: miles.lamare@otago.ac.nz

123

Mar Biol (2009) 156:1125–1137

DOI 10.1007/s00227-009-1155-8



calcifying invertebrate species, such as corals, bryozoans,

molluscs and echinoderms (Orr et al. 2005). Calcifying

marine organisms take up Mg2?, Ca2? and HCO3
- or

CO3
2- ions and synthesize a magnesium calcite skeleton

through a series of biochemical pathways (Killian and

Wilt 2008). Presently, the production of calcareous

structures is carried out in surface waters that are super-

saturated for CaCO3 (Raven et al. 2005). A decrease in

pH however, lowers the saturation state of CaCO3

because the carbonate ions are converted to bicarbonate in

order to balance the excess H? ions that result when CO2

dissolves in water. This decreases the concentration of

carbonate ions in seawater, which reduces the calcite and

aragonite saturations states and shallows the saturation

horizon depth.

Reduced calcification is expected to result in weaker

skeletons, reduced growth rates and, in corals, an increase

in susceptibility to erosion (Raven et al. 2005). A

reduction in calcification has been shown in corals

(Marubini and Thake 1999; Langdon et al. 2000; Marubini

et al. 2003), foraminifera (Spero et al. 1997), and

coccolithophores (Riebesell et al. 2000; Zondervan et al.

2001) in response to reduced carbonate concentrations.

For example, a doubling of atmospheric CO2 from pre-

industrial levels from 280 to 560 ppm CO2 resulted in a

5–45% reduction in calcification rates in coccolithophores

(Riebesell et al. 2000; Zondervan et al. 2001). Calcifica-

tion rates of the edible mussel (Mytilus edulis) and the

Pacific oyster (Crassostrea gigas) declined linearly with

increasing qCO2 under levels within the range predicted

by the IPCC for 2100 (Gazeau et al. 2007). Reduced

calcite production was also found under elevated CO2

concentrations in two species of coccolithophores (Rieb-

esell et al. 2000), and was accompanied by an increase in

the proportion of malformed coccoliths and incomplete

coccospheres. A 6-month study by Shirayama and

Thornton (2005) found that a moderate CO2 increase of

200 ppm adversely affected the growth of gastropod

(Strombus luhuanus) and echinoids (Hemicentrotus pul-

cherrimus and Echinometra mathaei).

These studies confirm that elevated CO2 levels may lead

to reduced calcification rates in many calcifying organisms.

Decreasing calcification that result in changes in species

survival or growth could lead to changes in community

structure, reproduction and overall community function.

Non-calcifying species may be favoured, which could lead

to in shifts in species composition and dominant organisms.

Changes on this scale would be expected to have cascading

effects throughout food webs and ecosystems. Research

into ocean acidification is at an early stage and studies need

to be carried out to identify species and ecosystems most at

risk from ocean acidification and the levels of pH change

that they can withstand. This would include the initial

processes of identifying the nature and degree of effects of

lowering seawater pH on marine organisms.

In this study, sea urchin larvae were used as a model

organism to investigate the effects of ocean acidification

on calcifying organisms. Sea urchin embryos and larvae

have been used extensively as a model in developmental

studies; therefore, their embryonic and larval development

is well understood. They have a high-magnesium calcite

skeleton which is easily identified under a light or pola-

rising microscope (Lowenstam and Weiner 1989). Skeletal

deposition in sea urchin larvae may be particularly sensi-

tive to lower seawater pH as skeletal elements form

through an amorphous calcium carbonate precursor stage

that has been found to be 30-times more soluble than

calcite (Beniash et al. 1997; Politi et al. 2004). Other

studies on the effects of ocean acidification on sea urchin

larvae have found fertilization rate, cleavage rate, hatching

rate, developmental speed and pluteus larval size all

decrease with increasing CO2 concentrations (Kurihara

et al. 2004; Kurihara and Shirayama 2004; Havenhand

et al. 2008; Kurihara 2008).

The larval stage is a critical period in the life history of a

species with planktonic larvae because recruitment success

is primarily determined by the survival of the embryos

and larvae (McEdward and Miner 2007). Therefore, any

decrease in the survival rates of this key life history stage

will reduce the long-term viability of affected populations.

Sea urchins are often the dominant grazer in many com-

munities (Lawrence 2007) and can act as a keystone

species, therefore changes in their survival or growth may

lead to ecosystem scale shifts.

Previous researchers have examined the effect of pH on

sea urchin embryos and larvae (see review by Kurihara

2008), however, more information is required on the nature

of responses of marine larvae to future pH decreases,

especially in equivalent larvae found across a range of

marine environments. Therefore, an over-riding objective

of the present study was to explore potential differences in

the effects of lower seawater pH in larvae ranging from

tropical to polar regions. This is of interest because calci-

fication is already less favourable energetically at higher

latitudes (i.e. a higher apparent solubility product for cal-

cite, Clarke 1983) due to the cold sea temperatures and the

upwelling of CO2-rich water, and these areas have been

identified as regions where ocean acidification effects may

appear earliest (Orr et al. 2005). For this reason, we

determine the effects of low pH conditions on skeletal

development in the Antarctic sea urchin Sterechinus neu-

mayeri (Echinidae), the New Zealand temperate sea

urchins Pseudechinus huttoni (Temnopleuridae) and Eve-

chinus chloroticus (Echinometridae) and the tropical sea

urchin Tripneustes gratilla (Toxophneustidae). Although

these sea urchin species are not from the same family they
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are phylogenetically similar (within the same Class) and

have equivalent ecological roles (relatively abundant

shallow sub-tidal grazers). Among these species we

determined the effect that pH levels predicted for 2100 (pH

7.6–7.8) would have on the skeletal development and

survival of sea urchin larvae. This also entailed determin-

ing pH thresholds for survival of sea urchin larvae between

pH 8.2 and 6.0. We determined these effects by examining

changes in larval survival, skeletal growth, calcification

index and skeletal structure.

Materials and methods

Species and study sites

Larvae from four echinoid species were studied; the Ant-

arctic S. neumayeri Meissner (Family: Echinidae), the New

Zealand E. chloroticus Valenciennes (Family: Echinomet-

ridae) and P. huttoni Benham (Family: Temnopleuridae)

and the tropical T. gratilla Linnaeus (Family: Toxoph-

neustidae). Sea urchins were collected from three locations;

McMurdo Sound, Antarctica (77.057�S, 164.416�E, aver-

age seawater pH 8.01 ± 0.01 SE), Doubtful Sound, New

Zealand (42�250S, 170�560E, average seawater pH

8.1 ± 0.01 SE) and Aitutaki Lagoon, Cook Islands

(18.85�S, 159.75�E, average seawater pH 8.2 ± 0.02).

Sea urchin spawning and larval culture

Spawning and experimentation was carried out during the

period when each species was ripe (see Table 1 for dates of

experiments). Adult sea urchins were induced to spawn by

an inter-coelomic injection of 0.5 mol l-1 KCl using

standard techniques (Lamare et al. 2006). Eggs were

fertilised by adding several drops of dilute sperm, and only

batches of eggs with a fertilization rate C95% were

accepted for use. All spawning and fertilization was car-

ried out in ambient seawater pH. Water temperature was

kept at -1.0�C during the Antarctic experiments, 10 or

15�C during the New Zealand experiments and 26�C

during the tropical experiments. Larvae were not fed

during the Antarctic experiments due to the slow metab-

olism of the larvae, or during the tropical experiments due

to the short period of the experiments. For these two

species, when the experiment was terminated the larvae

had developed through to a functionally feeding stage.

During the New Zealand experiments larvae were fed

Dunaleilla spp. algae every third day at a concentration of

4,000–6,000 cells ml-1. Feeding was achieved by injec-

tion of a small volume (B1 ml) of concentrated algae

through a sealed port on the lid of the experimental

containers.

pH treatment

We reduced the ambient pH of seawater at each of our

study sites by pH 0.4, giving rise to an experimental pH

in McMurdo Sound of 7.6, Doubtful Sound and Otago

Harbour of 7.7 and Aitutaki Lagoon of 7.8. The pH (NBS

scale) of the seawater was adjusted by bubbling CO2 gas

through it, and after 1–2 h transferred to sealed containers

to prevent re-equilibrilisation with the atmosphere. The pH

was checked using a pH meter (Mettler Toledo MP220)

calibrated to buffers of pH 4.0, 7.0 and 9.2 (Labserv Pro-

analys, Biolab New Zealand). All pH measurements were

adjusted for differences in seawater temperature, and the

pH was checked again 1–2 h after adjustment to ensure the

pH had not drifted (values \0.1 pH units were accepted

for use). The water was changed every 6 days during the

Antarctic experiments and every 3 days during the New

Zealand experiments by filtering larvae onto a 50 lm sieve

and filling the containers with new 1 lm-filtered seawater

adjusted to the appropriate pH for each treatment. Between

water changes, pH varied less that 0.1 pH units. Seawater

was not changed during the tropical experiments due to the

short experimental time period (4 days).

Seawater carbonate chemistry

Determining carbonate conditions in our experimental treat-

ments required at least two measurements (i.e. pH, alkalinity,

qCO2). While we could determine pH, it was not practical to

measure other variables due to the remote locations of the

study sites. Instead, we measured pH, temperature and sali-

nity, from which alkalinity was estimated using methods

described by Lee et al. (2006). This, in turn, allowed us to

indirectly determine the carbonate chemistry of the seawater

during experiments.

The pH (NBS pH scale) of the seawater was measured

as described previously, while total alkalinity was calcu-

lated using standard algorithms for five global regions with

an area-weighted uncertainty of ±8 lmol kg-1 (Lee et al.

2006). The calculation of the total alkalinity was based on

CTD measurements of salinity and temperature of seawater

used in laboratory experiments. We assumed that the total

alkalinity did not change between ambient and lowered pH

treatments because the pH of the seawater was adjusted

using CO2 gas, and not by acid treatment. The partial

pressure of CO2 (qCO2) and the saturation value omegas

for calcite (XC) and aragonite (XA) were calculated using a

computer programme SWCO2 (http://neon.otago.ac.nz/

research/mfc/people/keith_hunter/software/software.htm)

which calculates various parameters of the carbonate sys-

tem in seawater under specified conditions of temperature

and salinity using any two of the normal CO2 system

parameters or the concentrations of the individual species.
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We determined seawater properties using CO2 equilibrium

constants given by Mehrbach et al. 1973 (as modified

in Dickson and Millero 1987) as recommended by

Wanninkhof et al. (1999).

Oxygen concentrations in CO2 treated seawater were

measured using a YSI Model 550A, prior to, immediately

after, and hourly for 3 h after the addition of CO2 gas to

the experimental seawater. Concentrations of dissolved

oxygen in treated seawater remained greater than 90% of

ambient seawater concentrations, with the exception of

pH 6.0 treatments where oxygen concentrations were

reduced to between 80.7 and 89.2% depending on water

temperature.

Larval measurements

Survival and skeletal abnormalities

Once hatched larvae were placed at a density of 10–40

larvae ml-1 (depending on species) in 500 ml airtight

containers filled with 1 lm-filtered seawater. The pH of

seawater in each container was previously adjusted to pH

values of 6.0, 6.5, 7.0, 7.5, 7.8, 8.0, and unadjusted controls

of the ambient pH for each location (either 8.0, 8.1 or 8.2).

The Antarctic experiment had three replicates for each

treatment while the New Zealand and tropical experiments

had four.

The Antarctic experiment ran for 7 days, the New

Zealand experiment ran for 9–13 days and the tropical

experiment ran for 4 days. Survival rates were measured

every 1–3 days during the Antarctic and New Zealand

experiments and every day during the tropical experiments

by taking ten, replicate 1 ml seawater samples from each

container and counting the number of larvae in each.

Repeated measure ANOVA tested for a significant

(q\ 0.05) effect of pH on the proportion of larvae

surviving during larval culturing. Proportional data were

arcsine square transformed prior to testing. To identify

significant (q\ 0.05) differences in survival rate among

pH treatments at the end of the larval rearing experiment

within each species, a one-way ANOVA was per-

formed, with Tukey’s HSD Post-hoc test used to identify

significant (q\ 0.05) differences among pH treatment

levels.

Skeletal growth

Once larvae were placed at a density of five larvae ml-1 in

500 ml airtight containers filled with 1 lm-filtered sea-

water. The water in half of the containers was left at the

normal seawater pH of the location (either 8.0, 8.1, or 8.2)

while the seawater pH in the other half was lowered to the

pH expected at each location in the year 2100 (either 7.6,

7.7 or 7.8). The experiments had three replicates for each

Table 1 Location, experimental period, temperature (�C), salinity

(PSU), calculated total alkalinity (AT), pH measured on the NBS

scale, equilibrium CO2 partial pressure (qCO2), CaCO3 saturation

value omega for calcite (XC) and CaCO3 saturation value omega for

aragonite (XA) for the seawater used in the ambient and low pH

treatments of each experiment

Species Sterechinus Pseudechinus Evechinus Tripneustes

Location McMurdo Sound, Antarctica Otago Harbour, New Zealand Otago Harbour, New

Zealand

Aitutaki Lagoon, Cook

Islands

Latitude/longitude 77.06�S/164.42�E 45.41�S/176.93�E 45.41�S/176.93 18.85�S/159.75�E

Experimental period 24 October to 14 November

2007

13 August to 15 September

2007

14 to 26 January 2008 20 May to 1 June 2008

Temperature (�C) -1.9 12 15 26

Salinity (PSU) 34.6a 33.2b 33.2b 35.3c

AT (lmol kg -

soln-1)

2,336 2,229 2,224 2,315

Treatment Ambient Low Ambient Low Ambient Low Ambient Low

pH(NBS) 8.0 7.6 8.1 7.7 8.1 7.7 8.2 7.8

qCO2 (lATM) 521 1,380 429 1,282 438 1,320 395 1,119

XC 1.64 0.66 3.28 1.29 3.58 1.42 5.45 2.56

XA 1.03 0.41 2.09 0.82 2.29 0.91 3.60 1.69

Seawater was taken from three locations; McMurdo Sound (Antarctica) Otago Harbour (New Zealand)and Aitutaki Lagoon (Cook Islands)
a CTD measurements at Cape Armitage, November 2007
b CTD measurements of the Otago Harbour, November, 2008
c CTD measurements of the Aitutaki Lagoon, April/May, 2008
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treatment for Sterechinus and Pseudechinus, and four

replicates for Evechinus and Tripneustes.

The Antarctic experiment ran for 17 days, the New

Zealand experiment ran for 9–13 days and the tropical

experiment ran for 4 days. At the end of the experiments,

ten larvae were taken randomly from each container and

photographed under normal and polarized light (Fig. 1).

Growth indices were measured using Image J software

Version 1.389 and included total length (TL), width (TW),

primary recurrent rod (R1), antero-lateral skeletal rod (R2),

ventral transverse skeletal rod (R3), and post-oral skeletal

rod (R4) (Fig. 1).

Within each species, a two-way ANOVA was used to test

for significant (q\ 0.05) differences in the size of larval

components in response to pH treatment. A non-significant

(q[ 0.05) interaction between body components and pH

was interpreted as indicating no effect of pH on larval mor-

phology. All data were ln(x) transformed prior to analyses.

Calcification index

Once hatched, larvae were placed at a density of 10–40

larvae ml-1 in 20 l buckets filled with 1 lm-filtered

seawater. The water in half of the buckets was left at the

ambient seawater pH of the location (either 8.0, 8.1 or 8.2)

while the seawater pH in the other half was lowered to the

pH expected for each location in 2100 (either 7.6, 7.7 or

7.8). The experiment had three replicates for each treat-

ment, except for Evechinus that had four.

The Antarctic experiment ran for 17 days, the New

Zealand experiment ran for 9–13 days and the tropical

experiment ran for 4 days. At the end of the experiment the

larvae were collected, rinsed briefly in freshwater, and

dried in a 60�C oven for at least 1 day. The dried material

was weighed onto approximately 30 9 30 mm pre-

weighted tinfoil pieces and ashed in a muffle furnace at

450�C for 4 h. Ten replicate 30 9 30 mm tinfoil samples

were also ashed to account for loss of weight by the foil.

After ashing the larvae were re-weighed and the inorganic

weight (% of dry weight) was determined by dividing the

post-ash weight of the larvae by the pre-ash weight. The

post-ash weight was determined using the following

formula:

Post-ash weight (mg) ¼ ashed larvae and foil weight (mg)

� initial foil weight (mg)� Pð Þ
ð2Þ

where P was the percentage decrease in the standard foil

weights after ashing. The differences in mean calcification

index in larvae reared in normal and lowered seawater pH

were compared within each species using a Student t test.

Percentage data were arcsine square transformed prior to

comparisons.

Scanning electron microscopy of larval skeletons

Upon termination of the survival experiment, larvae were

collected to examine skeletal abnormalities. A 4.8% solu-

tion of bleach was added to the samples for 1 h to remove

any tissue and the larvae were then rinsed twice in distilled

water to remove bleach residue. After drying in a 60�C

oven for at least 24 h samples were gold coated and

examined using scanning electron microscopy (SEM) for

evidence of skeletal abnormalities such as pitting or erod-

ing of the skeleton.

Statistical analysis

All statistical analyses were carried out using the computer

software JMP7.0 statistical software (SAS Institute Inc.).

Residuals were examined to check for significant departures

from normality of data, while homogeneity of variances was

tested using Cochran’s C test (Underwood 1997).

Results

Seawater carbonate chemistry

The carbonate chemistry during experimental treatments

were calculated from pH, temperature and salinity

TL

  TW 

R1

R2
R3

R4

Fig. 1 Morphometric

measurements of sea urchin

larvae, using Sterechinus
neumayeri as an example.

Measurements made are total

length (TL), width (TW),

primary recurrent rod (R1),

antero-lateral skeletal rod (R2),

ventral transverse skeletal rod

(R3), and post-oral skeletal rod

(R4). Larvae are viewed under

normal and polarised light to

highlight the larval skeleton
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measurements, and estimated total alkalinity (Table 1).

Under ambient seawater conditions, we calculated qCO2 to

range from 395 lATM in Aitutaki to 521 lATM in

McMurdo seawater. In the experimentally lowered pH

seawater treatments, qCO2 ranged from 1,119 to

1,380 lATM. At all sites, both calcite and aragonite were

saturated in ambient seawater. Calcite saturation levels

increased from XC = 1.64 to 5.45 from the polar to trop-

ical experiments, while aragonite saturation values ranged

from XA = 1.03 to 3.60, also decreasing at higher lati-

tudes. Under experimentally lowered pH, only the

Antarctic treatments became under-saturated for calcite

(XC = 0.66), remaining saturated in the temperate and

tropical treatments (XC = 1.29–2.56). Aragonite was

under-saturated in the polar and temperate experiments

(XA = 0.41–0.91), but remained saturated in the tropical

experiments (XA = 1.69).

Survival

For all four species, the in vitro survival of larvae varied

among pH treatments (Fig. 2). For all species, the pro-

portion of larvae surviving throughout the experiments,

were greater than 52% in treatments with pH greater than

pH 7.0. For all species, the pH 6.0 treatment resulted

in &100% mortality (0–1.7% survival), generally within

4–7 days, while pH 6.5 resulted in survival of 34.4% in

Pseudechinus and 10.7% in Tripneustes over the course of

the experiment (Fig. 2). Survival was greater that 74% in

pH 6.5 in Evechinus and Sterechinus. Repeated measures

ANOVA (Table 2) indicated that in the four species, the

rate of survival was significantly dependent on seawater pH

(Time 9 pH interaction \0.001).

To identify differences in survival among pH treatment

for each species, the rate of survival on the final day of

sampling (Table 3) was compared using one-way ANOVA.

In Pseudechinus, there was a significant difference [F(5,12) =

8.514, P = 0.0012] in survival to day 9 among pH treat-

ments, with a Tukeys Post-hoc test indicating that the

difference was due to the lower survival in pH 6.0 and

6.5, which in turn differed significantly. Survival to day

4 in Tripneustes differed significantly [F(6,21) = 32.351,

P \ 0.0001] among pH treatments, with pH 6.0, 6.5 and 7

having lower survival than the higher pH treatments.

Among these low pH treatments, pH 7.0 had greater sur-

vival than pH 6.0 and 6.5. For Sterechinus, the significant

difference [F(4,10) = 19.92, P \ 0.0001] in survival to day

22 among treatments was due to low survivorship in pH

6.0, with no difference in pH treatments between 6.5 and

8.0. A similar result was observed in Evechinus, where

the significant difference [F(5,18) = 58.222, P \ 0.0001]

among treatments was restricted the low survival to day 13

in the pH 6.0 treatment.

Growth

The size of larval body components was significantly

affected by pH treatment, except in Pseudechinus (Fig. 3,

Table 4). For the three significantly effected species, a

lower pH treatment usually resulted in a significantly

smaller body component. The exceptions were a larger

primary recurrent rod (Rod 1) and transverse skeletal rod

(Rod 3) in Tripneustes in lowered pH seawater. Overall

reduction in the size of the larvae (total length) as a result

of lowered seawater pH was lowest in Sterechinus (1.8%),

intermediate in Tripneustes (3.2%) and Evechinus (4.2%),

and greatest in Pseudechinus (18.3%).

Two-way ANOVA suggested that, while lower seawater

pH reduced the size of the larvae, the morphology of the

larvae was generally unaffected by pH. In this respect, a

non-significant interaction term in all species (Body com-

ponent 9 pH, Table 4) indicated that the effect of pH was

not dependent on the measurement (i.e. for the larvae, the

size of the body components responded to a lower pH was

in the same direction).

Calcification

The degree of calcification (percentage inorganic content

of total dry weight) in larvae raised in normal seawater

ranged from 67.4% in Evechinus, to 17.05% in Sterechinus

(Table 5). When grown in lowered pH, three species

showed a significant reduction in calcification index

(Table 5), while Sterechinus showed a 3.9% (although not

significant, P = 0.4035) lower calcification index. The

percentage reduction in calcification was similar in

Pseudechinus (36.9%) and Evechinus (30.6%), but less in

Tripneustes (13.8%).

Larval skeleton fine structure

Seawater pH did not cause any change in the gross

morphology of larval skeletons among species. It was

apparent, however, that there were fine scale differences

in skeleton structure as a result of pH treatment, although

the effects were variable among the species (Fig. 4). In all

four species, the skeletal rods from larvae grown in nor-

mal pH were characterised by a uniformly smooth surface

(Fig. 4). When grown in low pH seawater however, there

was an apparent loss of integrity in the surfaces of the

skeletal rods) in the temperate species. For Evechinus,

almost the entire surface of the larval skeletons was pit-

ted, with only a small area with a smooth surface

(Fig. 4a). Pseudechinus skeletons also had an eroded

appearance (Fig. 4c), although the erosion surfaces were

more angular compared with the rounded erosion

observed in Evechinus. For Pseudechinus (Fig. 4c)

1130 Mar Biol (2009) 156:1125–1137

123



erosion appeared to be greatest on the surfaces of the

cross-members of the fenestrated skeletal rods. In contrast

to the former two species, there was no apparent differ-

ence in the surface structure of Tripneustes (Fig. 4b) or

Sterechinus (Fig. 4d) skeletal rods from larvae grown in

normal or reduced pH. In both species and treatments,

skeletal rods were uniformly smooth.

We did not attempt to quantify differences in skeletal

structure among species and treatments, as larval skele-

tons were almost always fragmented and impossible to

assign to a known larva. Two semi-quantitative observa-

tions are noteworthy however. Firstly, in all four species,

no larval skeletal elements from the ambient seawater

treatments showed any loss of surface integrity and were

uniformly smooth. Secondly, within each species there

was a degree of variation in the amount of skeletal deg-

radation in larvae reared in lowered pH, and it was

possible to observe a range of responses (from the normal

through to the severely malformed skeleton presented in

Fig. 4).

Discussion

Seawater carbonate chemistry

This study investigated how ocean pH levels predicted to

occur by the end of the 21st century could affect sea urchin

larvae. Predicting the response of larvae to a lowered pH

environment requires establishing appropriate experimental

conditions. We lowered pH (NBS scale) by 0.4 units below

ambient levels, based on a generalized prediction of a drop

of this magnitude in surface ocean waters by the year 2100

(Fabry et al. 2008). Predicted pH decreases between the

years 2050 and 2100 vary in magnitude, and range from 0.3

to 0.5 (Caldeira and Wickett 2005). There will also be a

degree of spatial and short-term temporal variation in pH

changes, both across latitudes (Orr et al. 2005) and depth

(Feely et al. 2004; Orr et al. 2005) and also at the local

scale (Ohline et al. 2007). It was beyond the scope of the

present study to account for these variations, with the aim

to establish the general nature and magnitude of responses

of sea urchin larvae to lowered pH in species from a range

of latitudes.

We described the carbonate chemistry of our experi-

ments based on measured pH, temperature and salinity, and

modeled total alkalinity at each location. Based on this

method, we obtained measures of carbonate parameters

that were higher than in previous studies. For example, our

estimates of qCO2 in ambient seawater were 521 lATM in

McMurdo Sound, 429 and 438 lATM in Otago Harbour,

and 395 lATM at the Cook Islands (Table 1). Previous

measurements at McMurdo Sound are 410 lATM in

November (Takahashi et al. 2002), up to 350 lATM for

coastal Otago waters (Currie and Hunter 1998), and

370 lATM for South Pacific tropical waters of the same

approximate latitude (Wanninkhof et al. 1999).

Our estimated qCO2 among treated seawater (Table 1)

were also high (ranging from 1,119 to 1,380 lATM),

and would result in calcite under-saturation only in the
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McMurdo Sound experiments, and an under-saturation of

aragonite in McMurdo Sound and temperate experiments,

but not in the tropical treatments. Such a scenario is con-

sistent with predictions of changes in the aragonite

saturation state (XA) for the year 2100, where Antarctic

coastal waters may have XA = 0.6 \ 0.9, and tropical

waters remain saturated XA = 2 \ 3 (Fabry et al. 2008).

The under-saturation of seawater in the temperate regions

was, however, not predicted by Fabry et al. (2008). Given

our estimates of qCO2 in ambient seawater are higher

than previously reported, it is possible that the temperate

experiments were indeed saturated, as would be predicted

for a pH 0.4 drop in 2100.

Effects of lowered pH on larvae

In most cases larval survival was not significantly affected

until pH levels were below pH 7.0. These results are

consistent with observations made for a range of marine

organisms (review by Knutzen 1981), in which most spe-

cies were not affected until pH levels dropped below 7.0. In

our study the pH 6.0 treatment resulted in 100% mortality

for all species within 4–7 days while survival in the pH 6.5

treatment was only significantly lower for Pseudechinus

(34.4% survival) and Tripneustes (10.7% survival). As pH

levels of 6.0 and 6.5 are well beyond what is predicted to

occur over the next 100 years, direct extrapolation of our

results would suggest that the pH levels expected for 2100

will not directly affect the survival of larvae of these four

sea urchins species. It should be noted however, that our

experiments only spanned a limited and early period of the

larval stage, and Yamada and Ikeda (1999) have noted that

the tolerable pH range for marine plankton decreases with

increasing exposure time. The length of exposure times in

our experiments only ranged from 4 to 22 days (to coincide

with the completion of the four-armed pluteus stage), and it

is possible that lethal effects may have occurred at higher

pH levels if the experiments had run for longer.

Although ocean pH levels predicted for 2100 showed no

direct effect on survival, more subtle changes were

observed. With the exception of Pseudechinus, the growth

of larval body components was significantly affected, with

a lower pH treatment resulting in a significantly smaller

body. For Pseudechinus, although not significant, the four

growth indices examined were also smaller when larvae

were raised at a lower pH. Kurihara et al. (2004) found that

the size of H. pulcherrimus and E. mathaei pluteus larvae

also decreased in response to increasing CO2 concentra-

tions. The reduced length of body components under low

pH conditions suggests that the low pH levels or high qCO2

interfere with the growth of the larvae either through

reduced calcification or via an acidosis effect where

maintaining acid–base balance has an associated metabolic

cost (i.e. Pörtner 2008).

Three of our species studies showed a significant

reduction in calcification index when larvae were grown

under low pH conditions, with the exception of Sterechi-

nus, which showed no significant difference between

treatments. This decrease was greatest in the temperate

New Zealand species, Pseudechinus (36.9%) and Evechi-

nus (30.6%), and was more moderate in the tropical species

Tripneustes (13.8%). The relationship of decreasing calci-

fication index with increasing qCO2 or decreasing pH has

been demonstrated in a number of other species including

the blue mussel (Gazeau et al. 2007), the Pacific oyster

(Gazeau et al. 2007), scleractinian corals (Reynaud et al.

2003; Marubini et al. 2003; LeClercq et al. 2000) coralline

Table 2 Tripneustes gratilla, Evechinus chloroticus, Pseudechinus
huttoni, and Sterechinus neumayeri

Source of variation F(df) P

Tripneustes gratilla

Between-subjects

pH 25.24(6,21) \0.001

Within-subjects

Timea 232.92(2.45,51.64) \0.001

pH 9 timea 16.23(14.75,51.64) \0.001

Mauchly criterion = 0.5106, df = 9, P \ 0.05

Evechinus chloroticus

Between-subjects

pH 56.89(5,18) \0.001

Within-subjects

Time 80.33(4,72) \0.001

pH 9 time 20.26(20,72) \0.001

Mauchly criterion = 0.5106, df = 9, P = 0.273

Pseudechinus huttoni

Between-subjects

pH 14.04(5,12) \0.001

Within-subjects

Time 6.84(4,48) \0.002

pH 9 time 3.36(20,48) \0.003

Mauchly criterion = 0.2772, df = 9, P = 0.146

Sterechinus neumayeri

Between-subjects

pH 9.07(4,10) \0.0023

Within-subjects

Time 15.87(3,30) \0.001

pH 9 time 12.37(12,30) \0.001

Mauchly criterion = 0.5247, df = 5, P = 0.344

Univariate repeated measures ANOVA of the survival (proportional

change over time in the density of larva during the experimental

period) among seawater pH treatments. Repeated measurement of

larval density varied in frequency and duration depending on species

development rate. Tests for sphericity were made using the Mauchly’s

sphericity test
a Degrees of freedom and P-value adjusted by Greenhouse-Geisser e
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algae (Gattuso et al. 1999; Gao et al. 1993; Borowitzka

1981) and coccolithophores (Sciandra et al. 2003; Riebesell

et al. 2000). A reduction in the degree of calcification of

this magnitude compared to the overall reduction in the

size of larvae suggests a weaker skeleton. This is supported

by the SEM photographs of Evechinus and Pseudechinus

larval skeletons, which showed a loss of structural integrity

(pitting or erosion) in skeletal elements grown under low

pH conditions. Skeletal rods from Sterechinus appeared

smooth under both treatments, consistent with the similar

calcification indices observed under normal and reduced

pH. The lack of any apparent loss of structural integrity in

Tripneustes skeletons (despite a significantly reduced cal-

cification index) is difficult to reconcile, and may simply

reflect a slowing of development under reduced pH where a

normal skeleton is constructed but at a slower rate.

The degradation of the larval skeleton through reduced

deposition or dissolution would be consistent with an

acidosis stress on the larvae. In this respect, the buffering

of tissues can be achieved through an increase in bicar-

bonate concentrations, which in calcified organisms, can

be made through dissolution of calcite (such as the larval

skeleton). Indeed, sea urchin larvae may be especially

sensitive to acidosis. As osmo-conformers they have a

low capacity for ionic regulation, which means they have

a lesser ability to acid–base regulate through the process

of ionic exchange used by many aquatic organisms

(Pörtner 2008).

Table 3 Tripneustes gratilla,

Evechinus chloroticus,

Pseudechinus huttoni, and

Sterechinus neumayeri

Proportion of larvae surviving

from blastula to four-armed

pluteus when reared in a range

of seawater pH treatments. The

duration of the experiment

varied depending on species

pH treatment Proportion survival at the end of the experiment (±SE)

Tripneustes Evechinus Pseudechinus Sterechinus

6.0 0.017 (0.001) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)

6.5 0.11 (0.052) 0.74 (0.02) 0.34 (0.07) 0.89 (0.076)

7.0 0.52 (0.1) 0.87 (0.015) 0.95 (0.131) 0.86 (0.021)

7.5 0.77 (0.017) 0.89 (0.021) 1.02 (0.059) 1.07 (0.082)

7.8 0.78 (0.044) – – –

8.0 0.63 (0.034) 0.71 (0.018) 1.04 (0.131) 1.10 (0.063)

8.1 or 8.2 0.67 (0.068) 0.88 (0.039) 0.76 (0.015) –

Experimental

duration (days)

4 13 9 7

Tripneustes gratilla (4 day old)

Sterechinus neumayeri (17 day old)
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Evechinus chloroticus,

Pseudechinus huttoni and

Sterechinus neumayeri. Length

of morphometric variables in

larvae of four species grown in

either ambient pH seawater, or

lowered pH seawater. While

similar in developmental stage
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As concern has been expressed for the effects of lowered

pH on high-latitude marine inhabitants (Orr et al. 2005), a

wider aim of the present research was to assess the sensi-

tivity of the polar species. We might expect larvae of the

Antarctic sea urchin Sterechinus to be the most vulnerable

to the effects of ocean acidification due to their slow

metabolism (Shilling and Manahan 1994) and because

they inhabit an environment which already has high levels

of CO2 as a result of polar seawater temperatures and

upwelling of CO2-rich water (Feely et al. 2004). However,

of the four sea urchin species examined under the

experimental conditions described in this study, Sterechi-

nus larvae were the least affected by low pH levels.

Survival was only significantly reduced when pH levels

dropped to 6.0. SEM photographs revealed no difference in

the skeletal structure of rods between treatments and cal-

cification rates not significantly lower in larvae raised

under the low pH treatment. Evolving in an environment

with historically higher levels of CO2 (and a greater

apparent solubility product for calcite) would have required

Sterechinus to adapt to higher CO2 conditions and, there-

fore, they may have greater capacity to acclimate to

lowered seawater pH.

Indeed, the observation that in ambient seawater con-

ditions, Sterechinus larvae have an overall lower

calcification index (17.05%) compared with larvae of the

remaining species (ranging from 45.7 to 67.4%) is con-

sistent with previous suggestions that organisms living in

water with a greater calcite solubility (deep seas or polar

waters) potentially experience greater difficulty calcifying

(Clarke 1983).

Conclusions

It appears that ocean pH levels predicted for 2100 will not

have a direct effect on the survival of larvae of the sea

urchin species examined in this study. Larvae may, how-

ever, exhibit decreased growth and calcification indices

that could indirectly compromise their survival in the

ocean. In this respect, in species with a planktonic larval

stage, recruitment success is primarily determined by the

survival of embryos and larvae, and therefore, the larval

stage is a critical life history period. Mortality rates of

larvae in the plankton are very high (Rumrill 1990; Lamare

and Barker 1999) and any delay in the growth or

Table 4 Tripneustes gratilla, Evechinus chloroticus, Pseudechinus
huttoni, and Sterechinus neumayeri

Source df Sum of squares F-ratio P

Tripneustes gratilla

Body component 5 9.899 393.611 \0.001

pH 1 0.098 19.564 0.0001

Body component 9 pH 5 0.034 1.383 0.253

Evechinus chloroticus

Body component 5 18.223 339.753 \0.001

pH 1 0.155 14.469 0.0005

Body component 9 pH 5 0.069 1.287 0.2906

Pseudechinus huttoni

Body component 3 5.729 20.259 \0.001

pH 1 0.276 2.938 0.0994

Body component 9 pH 3 0.061 0.214 0.885

Sterechinus neumayeri

Body component 5 19.065 135.593 \0.001

pH 1 0.122 4.608 0.0421

Body component 9 pH 5 0.131 0.981 0.449

Two-way ANOVA of the effects of seawater pH on the length of six

body components in the larvae of four species. All data were ln(x)

transformed prior to analysis

Table 5 Tripneustes gratilla, Evechinus chloroticus, Pseudechinus
huttoni and Sterechinus neumayeri. Ash content (% of dry weight) in

larvae grown in ambient pH seawater, and in seawater with a pH

lowered to the predicted regional level by the year 2100. The

temperature, experimental duration, and average pH over the

experimental period are reported for each species

Species Inorganic weight (% DW) Percentage

reduction (%)

T-test

Normal seawater

pH (±SE)

Reduced seawater

pH (±SE)

(T, P-value)

Tripneustes gratilla 45.68 (±0.5) 39.35 (±0.5) 13.8 T = -8.88, P = 0.0004

Evechinus chloroticus 67.42 (±2.53) 46.82 (±4.79) -30.6 T = -3.818, P = 0.007

Pseudechinus huttoni 54.91 (±1.81) 34.6 (±3.12) -36.9 T = -5.518, P = 0.0053

Sterechinus neumayeri 17.05 (±0.9) 16.39 (±1.97) -3.9 T = -0.268, P = 0.4035

The percentage reduction in calcification is given for each species, although for Sterechinus, an increase was observed

Experimental conditions: Tripneustes gratilla (26.7�C, Ambient pH average = 8.17, Lowered pH average = 7.81, duration = 4 days), Eve-
chinus chloroticus (15�C, Ambient pH average = 8.16, Lowered pH average = 7.69, duration = 13 days), Pseudechinus huttoni (15�C,

Ambient pH average = 8.14, Lowered pH average = 7.71, duration = 9 days), Sterechinus neumayeri (-1.0�C, Ambient pH average = 7.9,

Lowered pH average = 7.51, duration = 17 days)

1134 Mar Biol (2009) 156:1125–1137

123



development of larvae may mean they are exposed to

higher mortality for extended periods. This will ultimately

decrease the numbers of larvae completing development,

and even if adults are not affected by increased CO2 con-

centrations, the long-term viability of populations may be

compromised if there is a significant reduction in larva

surviving through to settlement.

Larvae of the Antarctic sea urchin Sterechinus did not

appear to be more vulnerable to the effects of ocean

acidification than species from lower latitudes, and if

anything appeared to be more resistant. Further research

within a similar suite of related species from a range of

latitudes will be required to confirm the generality of these

observations. This study also shows, as others have previ-

ously, that any future research should look beyond

mortality as an endpoint when considering the effects of

ocean acidification, and should include examination of

more subtle changes that may indirectly affect the func-

tioning of an organism.
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Pörtner HO (2008) Ecosystem effects of ocean acidification in times

of ocean warming: a physiologist’s view. Mar Ecol Prog Ser

373:203–217

Raven JA, Caldeira K, Elderfield H, Hoegh-Guldberg O, Liss P,

Riebesell U, Shepherd J, Turley C, Watson A (2005) Ocean

acidification due to increasing atmospheric carbon dioxide.

Policy document 12/05, Royal Society, London

Reynaud S, Leclercq N, Romaine-Lioud S, Ferrier-Pagés C, Jaubert J,

Gattuso J-P (2003) Interacting effects of CO2 partial pressure

and temperature on photosynthesis and calcification in a

scleractinian coral. Glob Chang Biol 9:1660–1668

1136 Mar Biol (2009) 156:1125–1137

123

http://dx.doi.org/10.1098/rspb.1997.0066
http://dx.doi.org/10.1007/BF00396947
http://dx.doi.org/10.1038/425365a
http://dx.doi.org/10.1029/2004JC002671
http://dx.doi.org/10.1029/2004EO370007
http://dx.doi.org/10.1016/S0967-0637(98)00041-7
http://dx.doi.org/10.1016/S0967-0637(98)00041-7
http://dx.doi.org/10.1016/0198-0149(87)90021-5
http://dx.doi.org/10.1016/0198-0149(87)90021-5
http://dx.doi.org/10.1093/icesjms/fsn048
http://dx.doi.org/10.1007/BF00346434
http://dx.doi.org/10.1029/2006GL028554
http://dx.doi.org/10.1016/0025-326X(81)90136-3
http://dx.doi.org/10.3354/meps274161
http://dx.doi.org/10.1007/s10872-004-5766-x
http://dx.doi.org/10.1029/1999GB001195


Riebesell U, Zondervan I, Rost B, Tortell PD, Zeebe RE, Morel FMM

(2000) Reduced calcification of marine plankton in response to

increased atmospheric CO2. Nature 407:364–367

Rumrill SS (1990) Natural mortality of marine invertebrate larvae.

Ophelia 32:163–198

Sabine CL, Feely RA, Gruber N, Key RM, Lee K, Bullister JL et al

(2004) The oceanic sink for anthropogenic CO2. Science

305:367–371

Sciandra A, Harlay J, Lefevre D, Lemee R, Rimmelin P, Denis M,

Gattuso J-P (2003) Response of coccolithophorid Emiliania
huxleyi to elevated partial pressure of CO2 under nitrogen

limitation. Mar Ecol Prog Ser 261:111–122

Shilling FM, Manahan DT (1994) Energy metabolism and amino acid

transport during early development of Antarctic and temperate

echinoderms. Biol Bull 187:398–407

Shirayama Y, Thornton H (2005) Effect of increased atmospheric

CO2 concentration on shallow water marine benthos. J Geophys

Res 110:108–115

Spero HJ, Bijma J, Lee DW, Bemis BE (1997) Effects of seawater

carbonate concentration on foraminiferal carbon and oxygen

isotopes. Nature 390:497–500

Takahashi T, Sutherland SC, Sweeney C, Poisson A, Metzl N,

Tilbrook B, Bates N, Wanninkhof R, Feely RA, Sabine C,

Olafsson J, Nojiri Y (2002) Global sea-air CO2 flux based on

climatological surface ocean pCO2, and seasonal biological and

temperature effects. Deep Sea Res II 49:1601–1622

Underwood AJ (1997) Experiments in ecology: their logical design

and interpretation using analysis of variance. Cambridge

University Press, Cambridge

Wanninkhof R, Lewis E, Feely RA, Millero FJ (1999) The optimal

carbonate dissociation constants for determining surface water

pCO2 from alkalinity and total inorganic carbon. Mar Chem

65:291–301

Yamada Y, Ikeda T (1999) Acute toxicity of lowered pH to some

oceanic zooplankton. Plankton Biol Ecol 46(1):62–67

Zondervan I, Zeebe RE, Rost B, Riebesell U (2001) Decreasing

marine biogenic calcification: a negative feedback on rising

atmospheric pCO2. Glob Biogeochem Cycles 15:507–516

Mar Biol (2009) 156:1125–1137 1137

123


	Response of sea urchin pluteus larvae �(Echinodermata: Echinoidea) to reduced seawater pH: �a comparison among a tropical, temperate, and a polar species
	Abstract
	Introduction
	Materials and methods
	Species and study sites
	Sea urchin spawning and larval culture
	pH treatment
	Seawater carbonate chemistry
	Larval measurements
	Survival and skeletal abnormalities
	Skeletal growth
	Calcification index

	Scanning electron microscopy of larval skeletons
	Statistical analysis

	Results
	Seawater carbonate chemistry
	Survival
	Growth
	Calcification
	Larval skeleton fine structure

	Discussion
	Seawater carbonate chemistry
	Effects of lowered pH on larvae

	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


