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Abstract The sensitivity of long-spined sea urchins

(Diadema savignyi) collected from Guam (Northern

Marianas Islands), USA, to nickel and copper in seawater

was explored using 48-h embryo-larval development tox-

icity tests. The median effective concentrations (EC50)

averaged 94 lg L-1 for nickel, and 19 lg L-1 from a

single exposure to copper, and suggest relatively high

sensitivity of this species to nickel compared with other sea

urchin genera, but similar sensitivity to copper. Ambient

nickel and copper concentrations concurrently sampled

from 16 near-shore locations around Guam were one to two

orders of magnitude lower than those that would be

expected to result in adverse effects to D. savignyi

embryos. Although nationally recommended chronic

ambient water quality criteria, currently 8.2 and 3.1 lg L-1

for nickel and copper, respectively, were not exceeded,

recently derived qualifying toxicity data should be con-

sidered for updating these criteria to ensure protectiveness

of sensitive tropical species.

Keywords Diadema savignyi � Nickel � Copper � Water

quality criteria � Embryo-larval development � Guam

Marine organisms used for development of species sensi-

tivity distributions (SSDs) for ambient water quality cri-

teria (WQC) established by the United States

Environmental Protection Agency (USEPA) have generally

focused on continental North American species. Sea urchin

embryos are among the most sensitive species and life

stage used for such tests, particularly for metals, and play

key ecological roles in shallow tropical marine environ-

ments. Therefore, water quality in tropical environments

under US jurisdiction may not be sufficiently protected if

ecologically important species such as sea urchins are not

accurately represented by national criteria.

Copper (Cu) and nickel (Ni) are common constituents

of wastewater and industrial discharges, with relatively

low chronic dissolved WQC of 3.1 (USEPA 1995a) and

8.2 (USEPA 1986) lg L-1, respectively. Although Cu

toxicity to common temperate sea urchin species is well

established (e.g. Phillips et al. 2003; Rosen et al. 2008),

no sea urchin species are represented in the USEPA’s

current national criterion for Ni, even though qualifying

data have become available in the literature (Phillips

et al. 2003). No tropical species are represented for

either metal, except for one species in a draft update for

Cu (HDR|Hydroqual 2012).

Long-spined sea urchins of the genus Diadema occur in

all tropical seas and play an essential ecological role in

coral reef habitats as herbivorous grazers (Muthiga 2003).

Embryos of the Caribbean long-spined urchin, D. antilla-

rum, are reportedly highly sensitive to Ni and Cu, with

48-h median effective concentrations (EC50s) of 15 and

11 lg L-1, respectively (Bielmyer et al. 2005). Data such

as these could impact the regulation of discharges in

tropical environments via development of site-specific

water quality criteria (SSWQC), in addition to adjustments

to national criteria through updates of the respective SSDs.

G. Rosen (&) � I. Rivera-Duarte � M. A. Colvin � P. J. Earley
Space and Naval Warfare Systems Center Pacific,

53475 Strothe Rd., San Diego, CA 92152, USA

e-mail: gunther.rosen@navy.mil

R. E. Dolecal

San Diego State University Research Foundation,

5500 Campanile Dr., San Diego, CA 92115, USA

L. J. Raymundo

University of Guam Marine Laboratory, Mangilao, GU 96923,

USA

123

Bull Environ Contam Toxicol (2015) 95:6–11

DOI 10.1007/s00128-015-1457-0

Author's personal copy

http://crossmark.crossref.org/dialog/?doi=10.1007/s00128-015-1457-0&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00128-015-1457-0&amp;domain=pdf


The goal of this study was to assess the relative sensi-

tivity of common Indo-Pacific long-spined sea urchins (D.

savignyi and D. setosum) to Ni and Cu, using standard

toxicity test methods with short-term (48 h) embryo-larval

development as the endpoint. Toxicity metrics were then

compared with ambient concentrations measured around

Guam.

Methods and Materials

Mature D. savignyi were collected subtidally in late April

2013 from various near shore locations (water depth\ 3 m)

on the west coast of Guam (Fig. 1), Mariana Islands. The

similar species, D. setosum, previously reported to occur on

Guam (Lessios et al. 2001), was sought but not found at any

of the collection sites, therefore, data are reported for D.

savignyi only. Sea urchins were acclimated in outdoor tanks

supplied with flowing seawater (pH 8.1, temperature 25�C)
fromPagoBay at theUniversity of GuamMarine Laboratory

(UOGML). Sea urchins were collected from non-Marine

Protected Areas on Guam, under authorization of a UOGML

scientific collection permit.

Within 1 week of collection, individual sea urchins were

induced to spawn by injection of 0.5 M KCl (1 mL)

through the peristomal membrane into the coelomic cavity.

Several individuals were haphazardly tested daily over a

period of 1 week until sufficient quantities of viable

gametes were observed. Copious quantities of mature

gametes were collected on April 30, 2013, 5 day after the

full moon, and used in the reported tests. This timing is

consistent with previous observations associated with

Diadema spawning events elsewhere (Muthiga 2003).

Testing was conducted at the UOGML under a tem-

perature (25�C) and light-controlled environment (ambient

laboratory light, 16:8 h light:dark photoperiod). Two tests

were conducted with Ni, while one test was conducted with

Cu. Gametes from a successful spawn on April 30, 2013

were immediately collected and washed separately with

filtered seawater, followed by fertilization and testing

according to standard methods for other sea urchin species

(USEPA 1995b), with some minor modifications. Modifi-

cation included conducting exposures at a warmer tem-

perature and limiting the exposure period to 48 h. Contents

of each vial, approximately 200 larvae in 10 mL of test

solution, were preserved after the exposure period with

1 mL of 10 % buffered formalin. The first 100 larvae

observed in each vial at 409 magnification were scored as

normal or abnormal (USEPA 1995b). Normal larvae have

achieved the pluteus stage of development, which is

characterized by pyramidal shaped larvae with four highly

developed skeletal rods and a distinct gut, while abnormal

larvae do not possess one or more of these characteristics.

All testing was conducted at pH 8.1, salinity 34 psu, with

dissolved oxygen remaining[6 mg L-1 at all times.

Dilution water consisted of uncontaminated Pago Bay

surface seawater filtered to B0.45 lm. Uncontaminated

0.45 lm- filtered seawater from near the mouth of San

Diego Bay, CA, USA, was included as an additional lab-

oratory control to assess whether an alternative seawater

source might be conducive to embryo-larval development

tests with this species for off-island experimentation.

Stock Ni and Cu solutions were made from reagent

grade metals salts (NiCl2�6H2O and CuSO4�5H2O,

respectively, 99 % ? purity, Sigma-Aldrich Corp., St.

Louis, MO, USA) and 18 MX cm-1 water, and analyzed
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Fig. 1 Sixteen stations sampled from nearshore coastal locations around Guam Island (left), focusing on Apra Harbor and Tipalao Bay (A;

center) and the central coast, on both the Philippine Sea and the Pacific Ocean (Pago Bay) sides of the island (B; right)
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using inductively coupled plasma-mass spectrometry (ICP-

MS) prior to testing. Nominal Ni exposure concentrations

ranged from 0 to 1,000 lg L-1 (Table 1) while nominal Cu

exposure concentrations ranged from 0 to 250 lg L-1

(Table 2). All exposure solutions, mixtures of Pago Bay

dilution water and the appropriate concentration of metal

stock solution were allowed to equilibrate for approxi-

mately 2 h prior to initiation (addition of approximately

200 four- to eight-cell stage embryos) of toxicity tests. Four

replicates per treatment were used for all tests.

Statistical analyses of the toxicity data were conducted

using CETISTM (v1.8.7.16, Tidepool Scientific, McKin-

leyville, California, USA). Data from both Ni and Cu

exposures were verified as normally distributed with equal

variances across all treatments using Shapiro–Wilk and

Bartlett’s tests, respectively. Dunnett’s Multiple Compari-

sons test was used to determine whether Ni or Cu treat-

ments were significantly different from controls

(a = 0.05). Point estimates (e.g. EC50) were calculated

using Linear Regression for the Ni exposures and Trimmed

Spearman-Karber Method for the Cu exposure.

A single island-wide sampling event was conducted on

April 29, 2013. Seawater samples were collected at 1 m

depth from 16 stations (Fig. 1). Trace metal clean tech-

niques (USEPA 1996) were used throughout preparation of

sampling equipment, and during sampling, manipulation

and analysis of samples. Samples for measuring metals

were filtered in place with acid-cleaned 0.45 lm PTFE

disposable syringes with polypropylene housings (What-

man� Inc., Florham Park, New Jersey, USA) and collected

in 125 mL HPDE bottles. All samples were placed in clean

plastic bags and in coolers with ice for shipment to the

appropriate lab.

Metal concentrations in the spiked seawater used for the

toxicity tests were quantified by dilution (to eliminate inter-

ferences due to the seawater matrix) and direct injection into

the ICP-MS. Samples were diluted with pH B 2

18 MX cm-1 water. Each run included two duplicates

(average recovery ± standard deviation, 106 % ± 14 % for

Ni, and 88 % ± 4 % for Cu), and one spiked sample (91 %

recovery for Ni, and 89 % recovery for Cu). A blank made of

0.45 lm filtered seawater from outside San Diego Bay

(samples were analyzed at Space andNavalWarfare Systems

Center Pacific, located at the mouth of San Diego Bay, CA,

USA), acidified to pH B 2 with quartz-still grade nitric acid,

was analyzed every five samples, with an average concen-

tration of 0.13 ± 0.22 lg L-1 Ni and 0.039 ± 0.08 lg L-1

Cu. The limit of detection (LOD), calculated as three times

the standard deviation of the blanks, was 0.66 lg L-1 for Ni

and 0.24 lg L-1 for Cu. Despite the fact that some of the

measured blank concentrations are below the LOD, all of the

data were used for its calculation. The standard reference

material (SRM) 1643e (National Institute of Standards and

Technology, Gaithersburg, MD, USA), was also analyzed

after every five samples to ensure that the instrument was

measuring accurately and precisely, with a recovery of

109 % ± 17.3 % of the certified concentration of

62.41 ± 0.69 lg L-1 for Ni, and 105 % ± 9.1 % of the

certified concentration of 22.76 ± 0.31 lg L-1 for Cu.

Table 1 Response of D.

savignyi to nickel in two

concurrent tests with different

embryo suspensions

Bold values are statistically

different from the laboratory

control. n = 4 replicates per

concentration

Dissolved Ni (lg L-1) Test #1 Test #2

Target Measured Mean % normal SD p Mean % normal SD p

0 0.16 92 4.97 – 86 3.88 –

9 8.4 92 4.77 0.874 89 2.99 0.984

16 15.3 89 4.57 0.477 86 2.08 0.881

26 23.5 92 2.21 0.889 81 9.91 0.545

43 36.5 82 7.87 0.016 67 3.09 0.004

72 63.4 77 7.63 <0.001 42 9.75 <0.001

120 120 34 2.99 <0.001 26 3.30 <0.001

200 210 21 3.13 <0.001 12 8.17 <0.001

500 482 11 4.01 <0.001 1.8 1.26 <0.001

1,000 938 0.8 1.50 <0.001 0 0 <0.001

Table 2 Response of D. savignyi embryos to copper

Dissolved Cu (lg L-1) Mean % normal SD p

Target Measured

0 0.43 96 2.0 –

7.8 5.81 94 3.9 0.408

15.6 9.59 95 3.0 0.615

31.3 21.2 34 6.4 <0.001

62.5 53.1 0 0.0 <0.001

125 81.9 0 0.0 <0.001

250 171 0 0.0 <0.001

Bold values are statistically different from the laboratory control.

n = 4 replicates per concentration

8 Bull Environ Contam Toxicol (2015) 95:6–11

123

Author's personal copy



Ambient water samples from the 16 near-shore locations

were quantified using in-line pre-concentration Flow

Injection Analysis and ICP-MS (Ndung’u et al. 2003). Low

concentrations in a seawater matrix prevented the dilution

approach used for the spiked samples, while flow injection

analysis eliminates the seawater matrix effect. Samples

were treated with TOYOPEARL AF-Chelate-650 M resin

(Tosoh Bioscience, Tessenderlo, Belguim) in a Flow

Injection Analysis System (FIAS) 400 (Perkin-Elmer,

Waltham, Massachusetts, USA) to remove salt, and then

transferred into the ICP-MS for metal quantification. Each

run included two duplicates (127 % ± 56 % for Ni, and

104 % ± 17 % for Cu) and two spiked samples

(93 % ± 16 % for Ni, and 92 % ± 24 % for Cu). Blanks

consisted of 0.45 lm filtered seawater from outside San

Diego Bay, CA, with average concentrations of

-0.04 ± 0.06 lg Ni L-1 and 0.23 ± 0.06 lg Cu L-1. The

LOD was 0.18 lg L-1 for Ni and 0.17 lg L-1 for Cu. The

SRM CASS 4 (coastal seawater), from the National

Research Council of Canada, was also quantified after

every five samples, with an average recovery of

109 % ± 16.8 % and 103 % ± 8.9 % of the certified Ni

and Cu concentrations of 0.314 ± 0.030 and

0.592 ± 0.055 lg L-1, respectively.

Dissolved organic carbon (DOC) concentration was

quantified for each of the 16 sampling locations, as DOC

increasingly plays an important role in modeling of metal

toxicity (e.g. Arnold et al. 2006; DeForest and Schlekat

2013). Seawater was filtered through 0.7 lm nominal pore

size pre-combusted glass fiber filters and immediately

transferred to 125 mL amber glass bottles containing 8 lL
85 % H3PO4. The DOC samples were analyzed using a

High Temperature Catalytic Oxidation (HTCO) method.

The instrument is specially equipped with a high-salt

sample combustion tube kit and halogen scrubber for sea-

water analysis. Following acidification to pH\ 2, the non-

purgeable organic carbons (NPOC) in samples were further

converted to CO2 by oxidation at 680�C with a platinum

catalyst. A non-dispersive infrared detector was used to

detect the converted CO2 for quantification of NPOC.

Laboratory method detection limits and reporting limits for

DOC were 0.030 and 0.095 mg L-1, respectively.

Results and Discussion

All toxicity tests met acceptability criteria ([80 % normal

development in controls; USEPA 1995b) with high levels

of normally developed pluteus larvae in each of three sets

of laboratory (Pago Bay seawater) controls (average 91 %;

range 86 %–96 %). Natural seawater from San Diego Bay,

CA, USA resulted in similarly acceptable larval develop-

ment (92 % ± 2.9 %).

Exposure solution concentrations and toxicity metrics

are expressed as dissolved (i.e. measured) metal for all tests

(Tables 1, 2, 3), with background concentrations in the

dilution water being low for both metals (0.20 and

0.43 lg L-1, for Ni and Cu, respectively). For Ni, gradual

dose responses were observed (Table 1) for both tests.

EC50 values for Test #1 and #2 were 117 and 71.6 lg L-1,

respectively (Table 2). The 95 % confidence intervals

around the EC50s did not overlap between the two Ni tests,

but EC50s differed by a factor of\1.7. The minor differ-

ences in sensitivity between the two tests may be associ-

ated with individual sensitivity within the test population.

For Cu, a relatively steep dose response was observed

(Table 3), resulting in an EC50 of 19.1 lg L-1.

Relative to other sea urchin species, D. savignyi

embryos appear more sensitive to Ni, but similarly sensi-

tive to Cu, based on EC50 comparisons. The Ni data

derived here for D. savignyi corroborate recent reports of

relatively high sensitivity of embryonic stages of sea

urchins of the genus Diadema. The Caribbean long-spined

sea urchin (D. antillarum) was the most sensitive species in

a Ni SSD recently derived using chronic endpoints for 17

species of invertebrates, fish, and algae (DeForest and

Schlekat 2013). The Ni EC50 for D. antillarum

(15 lg L-1; Bielmyer et al. 2005) was lower than the

values we determined for D. savignyi. However, the values

reported herein for D. savingyi are still substantially lower

than the Ni EC50s for other common sea urchins, including

Strongylocentrotus purpuratus (341 lg L-1; Phillips et al.

2003) and Paracentrotus lividus (320 lg L-1; Novelli

et al. 2003). Therefore, this common and ecologically

important genus may not be adequately protected under

current water quality criteria for Ni (8.2 and 74 lg L-1,

chronic and acute, respectively; USEPA 1986).

Copper EC50s of 11 lg L-1 (D. antillarum; Bielmyer

et al. 2005) and 43 lg L-1 (D. setosum; Ramachandran

et al. 1997) are similar to the 19 lg L-1 reported in this

study for D. savignyi. Sensitivity of Cu to this genus,

therefore, is similar to other common sea urchins, such as

S. purpuratus (14.3–15.3 lg L-1; Phillips et al. 2003,

Rosen et al. 2008) and P. lividus (62 lg L-1; Novelli et al.

2003). Although these concentrations are relatively low in

Table 3 No-observed-effect-concentration (NOEC), lowest-

observed-effect concentration (LOEC), median effective concentra-

tion (EC50), and 95 % confidence intervals (CI) for all toxicity tests

with D. savignyi

Chemical NOEC LOEC EC50 95 % CI

Ni (Test #1) 23.5 36.5 117 (100–135)

Ni (Test #2) 23.5 36.5 71.6 (63.1–80.2)

Cu 9.59 21.2 19.1 (18.3–19.9)

All values are in lg L-1
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the Cu SSD (USEPA 1995a), the presence of similar spe-

cies and sensitivities of existing Cu criteria suggest that

Diadema spp. are sufficiently protected, with current dis-

solved chronic and acute criteria of 3.1 and 4.8 lg L-1,

respectively (USEPA 1995a).

These data potentially have implications with respect to

regulation of Ni at point discharges because many

numerical discharge limits are based on outdated EPA

WQC, which are based on the most sensitive species in

SSDs (USEPA 1985). The WQC for Ni has not been for-

mally updated recently (USEPA 1986), but qualifying

toxicity data for use in derivation of an updated criterion

have since been produced. The newer toxicity data improve

the number of species represented, and may also be used to

formalize an improved and more robust acute-to-chronic

ratio (Hunt et al. 2002), critical for the development of

chronic criteria.

The relatively low DOC concentrations measured in

Pago Bay seawater (0.806 mg L-1), and 15 other locations

(range 0.8–2.1 mg L-1; Table 4) around Guam, were not

surprising, as sampling locations generally occurred near,

or in, open coastal areas. The collection of DOC data

alongside other parameters (e.g. pH, salinity, temperature,

and dissolved metal concentration) and toxicity tests,

however, may be helpful towards understanding its role in

ameliorating Ni or Cu toxicity. A Biotic Ligand Model

(BLM) for Cu in seawater is well developed (HDR|Hy-

droQual 2012), and shows a strong correlation between

DOC and EC50s (Arnold et al. 2006; Chadwick et al.

2008). The role of DOC on Ni toxicity is not nearly as well

understood in saltwater, with no clear relationship recently

observed using sensitive test endpoints at ranges between

0.22 and 2.7 mg L-1 (DeForest and Schlekat 2013).

Measured ambient concentrations of Ni and Cu

(Table 4) were one to two orders of magnitude lower than

those that result in significant toxicity (e.g. lowest-

observed-effect concentrations) to D. savignyi embryos

(Table 3). These data suggest that Diadema populations

should not be adversely affected at these locations in Guam

due to either of these two metals.
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