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Abstract

A 5-day aquatic toxicity test based on sporulation inhibition of the green macrdo@gaertusa Kjellman has been devel-
oped. Optimal test conditions determined for photon irradiance, salinity and temperature were |6®e2@Botons m?s-1,
25-35%0 and 15-20C, respectively. Tests were conducted by exposingertusa thallus disks to a reference toxicant (sodium
dodecyl! sulfate; SDS), metals (&d Cw?*, Zr?*, PI?*) and elutriates of sludge collected from nine different locations. The
ECs values for SDS was 5.35 mgE When four heavy metals were assayed, the NOECs were highest for lead (0.625mg L
and lowest for copper (0.031 mgt). The EGq values showed the following toxicity rankings: €40.061 mg L) > Cc*
(0.326 mg L-Y) > Zr?* (0.738 mg 1) > PI¥* (0.877 mg L-%). The bioassay indicated also that the sporulation endpoint could be
a sensitive indicator of toxicity effects of elutriates of sludge as reflected from the NOEC values equal to or lower than the lowest
concentration employed (6.25%). Sporulation was significantly inhibitied in all elutriates with the greatest and least effects
observed in elutriates of sludge from industrial wastef8C78%) and filtration bed (Efg 15.0%), respectively. The results of
the Spearman rank correlation analysis fosgata versus the concentrations of toxicants in the sludge presented a significant
correlation between toxicity and four heavy metals{CE€w*, PI?*, Zr?*). Introduction of the concept of toxicity unit (TU)
showed that these metals were the main cause of toxicity in elutriates of at least four out of nine sludge samples. Members of
the order Ulvales show a wide geographic distribution and have similar reproductive characteristics, thus making it possible to
apply the present test method to other algae of this taxa, elsewhere. This novel method will be a useful tool for assessing the
aquatic toxicity of a wide range of toxicants, once the respective sensitivities are demonstrated.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Marine and estuarine environments are often
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location for disposal of this waste but, if the integrity of ~ potential as a bioindicator due to the large size of plants,
marine systems is to be maintained, environmental pro- their wide distribution, ease of collection, and bioac-
tection strategies, including effective monitoring and cumulation of metalsHaritonidis and Malea, 1999;
regulation, need to be develop&igwell et al., 1998. Lee and Wang, 20Q1Furthermore, man¥/iva species
Traditionally, seawater quality has been estimated by have been used as biofilters of waste inorganic nutrients
chemical analyses employing sophisticated equipment (Vandermeulen and Gordin, 1990; Cohen and Neori,
but the approach is limited by the time required for 1991; Chung et al., 2002; Mata and Santos, 2088r
analyses, particularly with mixtures of chemicalh( these reasong/lva spp. may have been seen as toler-
and Chow, 200R A stronger limitation of performing  ant species and, thus unsuitable for toxicological tests
solely chemical analysis is related with the fact that it (Steele and Thursby, 1983However, a recent study
is not possible to analyze all potential toxicants in the has revealed that the reproductive celldbffasciata
sample. In addition, chemical monitoring in most envi- are more sensitive to some toxicants than the sensitive
ronmental studies does not necessarily reflect the tox- stages of sea urchins which are commonly used marine
icity to living organisms Rai et al., 1981; Mallick and  test organisms, indicating thalva species are sensi-
Rai, 2003. To circumvent these limitations, bioassay tive organisms that may be appropriate for toxicity tests
methods have been developed to complement chemi-(Hooten and Carr, 1998
cal monitoring. Toxicity test methods using a range of Most toxicity test methods employing macroalgae
microorganisms, invertebrates, fish and algae are beinghave been established using single toxicants. Only few
used increasinglyWilliams et al., 1993; Klaine and  studies have been conducted to investigate the impact
Lewis, 1995. of toxicants in combination, despite the fact that toxic
Fewer tests employ algae, which is at least in compounds in natural environments usually occur in
part due to the misconception that algal species are mixtures gEklund and Kautsky, 2003 For example,
less sensitive to toxicants than animaldaine and sewage or waste sludge is contaminated with a mixture
Lewis, 1995; Eklund and Kautsky, 2003ests based  of heavy metals, PAHs, PCBs and organic compounds
on algae are predominantly focused on microalgae that can affect organisms at different trophic levels
with macroalgae being poorly represented, despite (Teal et al., 1982; Otte et al., 1993; Vikelsge et al.,
the importance of macroalgae as primary producers, 2002.
providers of habitat and nursery grounds for fish and  The present study was undertaken to develop a
invertebrates in marine and freshwater systems. With bioassay using sporulation of the green macrodlga
the exception of reproductive tests on the red algae, pertusa as endpoint. The proposed novel assay was
Ceramiun strictum, Champia parvula and the brown evaluated by determining the phytotoxic potential of

algae,Laminaria saccharina and Fucus spiralis and a reference toxicant (sodium dodecyl sulphate), four
a growth test with the red alg@racilaria tenuistip- heavy metals (cadmium, copper, lead and zinc) as pure
itata there are few standardized toxicological testing compounds and sewage or waste sludge elutriates as
procedures using marine macroalga&i(ind, 1993, mixtures of contaminants.

1998; Steele and Thursby, 1995; Haglund et al., 1996;  U. pertusais a fast growing opportunistic alga form-
USEPA, 1998 However, except for germination pro- ing massive mats in the intertidal zone and occurs on
cess ofUlva fasciata (Hooten and Carr, 1998repro- most coasts in Korea all year round. The alga is easy
duction tests have not been developed with green to maintain in culture and its sporulation is simple to
macroalgae as it is considered extremely difficult to induce and observéian et al., 2003a)b
find a definite endpointSteele and Thursby, 1995

Recently,Eklund and Kautsky (2003fported that
the number of macroalgal species used for toxicity 2. Materials and methods
testing was 65 of which only 11 species are green
algae. Conversely, the species for which mostinforma- 2.1. Culture of plants
tion relating to chemical toxicants has been gathered
is the green macroalg@8lva intestinalis (Enteromor- U. pertusa was collected at sites near Ahnin on the
pha intestinalis). The taxonUlva appears to have great  eastern coast of Korea (37M, 129.TE). Immediately
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after transport to the laboratory, the plants were main-

tained in plastic tanks with aerated artificial seawater
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A reference toxicant test was conducted with
sodium dodecyl sulphate (SDS, Sigma, St. Louis,

medium prepared by dissolving commercial sea salts USA). A dilution series of SDS ranging from 0.75 to

(Coralife, Energy Savers, CA, USA) in deionized water

12mg L~ was prepared using the artificial seawater

to a concentration of 35%.. To the medium was added medium.

1 mM KNO3 and 0.1 mM KHPQO, as nutrients. The
unialgal stock cultures were maintained af Caunder
5-10umol photons m2s-1 of continuous white flu-
orescent light (FL400, Kum-Ho, Seoul, South Korea)
with a 12:12 h light—dark cycle.

2.2. Experimental procedures

Reproduction ofU. pertusa is restricted to the
marginal area of thalliHan et al., 2003ga Disks
(g 6 mm) were cut from the marginal region of the
thallus and distributed to plastic, six-well cell plates
(15 mlvolume per well; lwaki, Chiba, Japan) filled with
10 ml of medium. The cell plates were exposed during
5 days to various levels of environmental factors:
photon irradiance  (5-2Q0mol photons m?s™1),
salinity (5-55%0) and temperature (5-25). While
testing each single factor, the other environmental
conditions were kept optimal: photon irradiance at
80—100wmol photons m? s~1, photoperiod at 12:12 h
LD, salinity at 35%0 and temperature at AG. The

medium was not replaced during the period of the test.

After a 5-day culture period, disks were harvested
for determination of the extent of sporulation using a

Toxicity of heavy metals witl. pertusa was tested
using stock solutions of cadmium, copper, lead and zinc
as concentrated standards in deionized water acidified
with 1N hydrochloric acid (HCI) or 1 molt! nitric
acid (HNG;) (Junsei, Tokyo, Japan). Appropriate vol-
umes of the stock solution were added so that the final
concentrations were in the ranges, 0.313-5 myfor
lead and zinc nitrate, and 0.0313-0.5 mgflfor cad-
mium and copper chloride.

The elutriate test was developed to evaluate the
potential effects of the release of water-soluble con-
stituents from sewage or waste sludge to the water col-
umn during the disposal processes of sludge. Sewage
or waste sludge was sampled from various sources,
such as industrial, agricultural, domestic, rural and
livestock farm sewage treatment plants. Sludge col-
lected in plastic bags was brought to the laboratory and
extracted in seawater. The ratio of sludge to seawater
was 1:10 (w/w) and extraction was made in 1L sepa-
rating funnels at speed of 300 rpm for 8 h and finally
filtered through a 0.4pm membrane filter (Advantec,
Tokyo, Japan). All extracts were stored in a refriger-
ator (<0.5°C) before use. The chemical compositions
of sludge samples, from each source, were analyzed

computer-assisted image analyzer (MV200, Samsung, by the Korean Ocean Research and Development Insti-

Seoul, Korea). Formation of reproductive celldifva
is accompanied by a change in thallus color from
forest or yellow green (vegetative state) to dark olive

tute (KORDI), Ansan, Korea using standard analytical
methods APHA et al., 1995.
Toxicity tests were conducted with an elutriate con-

or olive drab (reproductive state) and even to white centration series made by dilution with artificial seawa-
or white cream (after release of reproductive cells). ter medium to produce the desired concentration range,
Percentage sporulation was therefore assessed fromi.e. 100, 50, 25, 12.5 and 6.25% of the original elutri-
the proportion of the surface area with the latter two ates. The pH and salinity of the test solutions were
colorations. checked at the start and at the end of the culture, and
found to be 7.5-8.4 and 26—34%o., respectively. After
5-8 days of culture, the algal disks were withdrawn for
determination of the extent of sporulation, as an end-
Algal disks cut from the margins of the thallus were point. Percentage sporulation of the control should be
placed in the test cell plates with different concen- higher than 75% for the validity of the test.
trations of toxicants. Static cultures were established
at 15°C under 80—10Q.mol photons m2 s~ of white
fluorescent light with a 12:12 h light—dark cycle. Con-
trols consisted of the artificial seawater medium with-
out toxicants.

2.3. Test procedure

2.4. Data analysis

One-way analyses of variance (ANOVA) followed
by the least significance difference (LSD) post-hoc
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test atP < 0.05 were used to determine the difference
between the treatments. We have taken the value for
the error mean square from the ANOVA table, divided
it by the number of replicates in each sample, mul-
tiplied by two and then calculated the square root,
SQRT (2x ErrMS/n). This value was multiplied by

for P=0.05 and the degree of freedom for error from
the ANOVA table to give the LSD. The sporulation
percentage data were arcsine-transformed before the
ANOVA. The results were reported as NOECs and
ECsos with 95% confidence intervals estimated by
the linear interpolation method (Toxical 5.0, Tidepool
Science, CA, USA). The NOEC ranges represent the
highest concentration that did not result in a significant
difference in sporulation percentage from the controls.
The EGy value is the effect concentration at which
50% inhibition of sporulation occurs. The Spearman
rank correlation coefficient was calculated to find out
the possible links between the concentrations of each
toxicant contained in the sludge and thedggcal-
culated from the corresponding sludge elutriates. The
correlation was considered to be significan®at0.05
when the calculated value of was greater than the
critical value. In order to estimate the metal concentra-
tions in the elutriates, we applied the reported average
mobilization factors of Cu (48), Zn (51) and Pb (15)
to the metal concentrations of the sludge samples in
this study, and transformed these concentrations ([M])
into toxicity units (TU) according to the expression,
TU=[M]/EC5q (Beiras et al., 2008 The summation

of TU was made for each sludge sample to estimate if
the toxicity of the corresponding elutriate was due to
these three metals.
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Fig. 1. Effects of photon irradiance, salinity and temperature on
sporulation ofU. pertusa. The bar denotes least significance differ-
ence (LSD) at 5% level and each error bar indicates 95% confidence
interval (= 8). Asterisks denote no sporulation.

3. Results

The percentage sporulation &f pertusa grown
for 5 days under different photon irradiances, treatments, the alga showed maximal sporulation per-
salinities and temperatures is shown Kg. 1 centage at 15—-20C with a significant decline at 10 and
Sporulation was completed at irradiances higher 25°C. No sporulation was recorded at®.
than 60Qumol photons m2s~1 while the percentage The NOEC and E6€p (95% CI) of the SDS test
decreased with decreasing irradiances with no sign of with U. pertusa were 1.5 and 5.35 (2.66—7.17) mgt,
sporulation in the dark. Sporulation percentage reachedrespectively Eig. 2andTable J.
a maximum in the salinity range 25—35%o, followed by Sporulation ofU. pertusa in response to different
a decrease thereafter with increasing salinity. The alga concentrations of cadmium, copper, lead and zinc is
exhibited significantly lower or no sporulation atallat shown inFig. 3. Table 1lists the NOECs and Egs
reduced salinities. In response to different temperature for the toxicants. The NOEC was lowest for €u
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Fig. 2. Sporulation inhibition obl. pertusa exposed to different con-
centrations of SDS for 5 days. Mean and 95% confidence interval
are shown#{=8).

(0.0313 mg 1) and highest for PB (0.625 mg L-1).
The toxicity of the heavy metals as estimated by&C
values was found to be in the decreasing order of
CWw*>Cd*>zZn?* > PI*,

Chemical constituents of sludge samples from all
sources are presentedTable 2 The sludge from S7
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Table 1
NOEC and EGp values for sporulation inhibition ot/. pertusa
exposed to different toxicants for 5 days

Sludge source NOEC Eg(95% Cl range)
SDS (mg 1) 15 5.35(2.66-7.17)
Cd* (mgL™1) 0.063 0.326 (0.254-0.360)
Cw* (mgL™t) 0.031 0.061 (0.049-0.081)
PE?* (mgL™1) 0.625 0.877 (0.745-0.947)
Zn?* (mgL™1) 0.313 0.738 (0.554-0.880)
Industrial waste (S1) (%) 6.25 9.15 (7.96-9.85)
Livestock waste (S2) (%) 6.25 10.60 (9.43-12.70)
Leather waste (S3) (%) 6.25 13.45 (10.30-16.50)
Urban sewage (S4) (%) <6.25 8.25 (5.42-9.40)
Food waste (S5) (%) 6.25 9.47 (7.80-10.50)
Mixed waste (S6) (%) 6.25 9.53 (9.04-10.33)
Industrial sewage (S7) (%) <6.25 6.78 (4.74-8.46)
Filtration bed (S8) (%) 6.25 15.00 (11.53-19.08)
Rural sewage (S9) (%) 6.25 13.96(11.90-16.00)

or lower, which was the lowest concentration tested.
Elutriates with the highest and lowest toxic effect, as
estimated by an EC, were those from industrial sewage
(S7; 6.78%) and from filtration bed (S8; 15.0%),
respectively.

Spearman rank correlation coefficient between the
concentrations of one particular toxicant in the tested
sludge samples and the Efvalues for the correspond-

contained the highest concentration of total heavy met- ing elutriates revealed a significant relationship for cad-
als, followed by S3, S1, S4, S2, S9, S6, S5 and S8. Themium (-=0.783), copperr{=0.800), lead £=0.717)

differences in concentrations of PAHSs, total organic P

and PCBs among sludge samples were variable. The

dose response all. pertusa and calculated NOEC
and EG for the nine sludge elutriates are reported in
Fig. 4andTable 1 In general, all tested elutriates had
adverse effects olV. pertusa with NOECs of 6.25%

Table 2

and zinc ¢=0.733) atP <0.05 ¢s=0.600) [Table 3.

In comparison with one TU, that predicts a 50%
inhibition of sporulation, the summation of TU was
between 0.87 and 3.3 for four sludge samples (S1, S2,
S4, S7) and 0.11 or lower for the remaining samples
(S3, S5, S6, S8, S9Téble 4.

Physico-chemical analyses of sludge samples collected from different locations

Sludge pH Salinity Chemicals (mgL! DW)

0,
source () As?*  Ccd#t Ccot cr Cuw?* Hg?* PR zZn?* PAHs  Total PCBs

organic P

S1 83 32 68.9 100.5 16.5 168.8 3728.8 1.2 892.1 4778.0 5768.9 4765.7 20.7
S2 82 26 2.6 0.9 5.1 14.7 928.4 0.0 7.6 2009.9 665.0 1240.4 -
S3 82 26 1.7 0.0 7.2 24053.7 21.6 0.0 7.8 171.1 4080.7 3163.4 —
S4 79 30 10.3 30.9 7.8 829 1044.0 107.1 356.7 19459 3709.0 2013.1 59.2
S5 75 26 1.2 0.5 7.8 95.0 100.0 0.0 23.1 227.0 4640.3 1672.7 -
S6 84 34 10.7 22 142 68.4 365.7 1.0 88.7 807.3 3176.9 1797.2 12.7
S7 8.2 30 21.6 27.0 90.9 4220.5 1839.1 1.4 1007.6 20784.0 2718.0 6210.5 21874.4
S8 7.7 30 27.4 0.2 138 56.6 33.2 0.0 43.3 166.6 14875 - -
S9 83 30 8.8 21 126 52.8 259.5 3.1 80.5 970.0 2059.8 23385 4.6
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Fig. 3. Sporulation inhibition ot. pertusa exposed to different concentrations of heavy metals for 5 days. Mean and 95% confidence interval

are shown#=8).

Table 3

Significance of correlation between the toxicants retained in the
sludge and E&p values for the corresponding sludge elutriates

Table 4

The summation of toxicity unit for the nine tested sludge elutriates

Sludge Heavy metals > TU(= [M] /ECs0)
Chemicals rvalue P value source P P R
cwt 0.77 <0.05
ot 0.73 <0.05 S1 2.934 0.015 0.330 3.279
712+ 0.72 <0.05 S2 0.730 0.000 0.139 0.869
PR+ 0.67 <0.05 S3 0.017 0.000 0.012 0.029
Total organic P 0.53 >0.05 S4 0.822 0.006 0.134 0.963
Hg2* 0.51 >0.05 S5 0.079 0.000 0.016 0.095
cr+ 0.50 >0.05 S6 0.070 0.014 0.025 0.109
PAHSs 0.47 >0.05 S7 0.660 0.017 1.436 2.113
c* 0.37 >0.05 S8 0.026 0.001 0.012 0.039
Ag2* 0.18 >0.05 S9 0.204 0.001 0.067 0.272
Standard- value 0.60

4. Discussion

zoid regeneration (see review Eklund and Kautsky,

2003. The endpoint examined in the present study was
spore production; the endpoint relating to reproduction
is particularly useful because, in general, the reproduc-
tive process is impaired prior to cessation of growth,
A variety of endpoints have been employed in many suggesting that the former is more sensitive to damag-
macroalgae, including egg production, gametogenesis,ing agents $teele and Thursby, 1983n this respect,
germination, growth, photosynthesis, respiration, rhi- the response of sporulation can be considered as an
adequate endpoint for toxicity test witth. pertusa.
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Fig. 4. Sporulation inhibition of/. pertusa exposed to different concentrations of sludge elutriates for 5 days. Mean and 95% confidence interval
are shown{=8).

Reproduction as an endpoint is also of ecological sig- has often been observed thét pertusa sporulates
nificance since failure to reproduce would affect later faster in aerated water than in still water (unpublished
recruitment of the adult population, and subsequently data), and one possible explanation for the differential
marine productivity cycles with macroalgae as the base. effects could be a steady supply of available nutrients
In order to establish a standardized toxicity test in moving water Norton et al., 198}
method, incubation conditions of the alga for repro- This study indicated that the salinity could also be an
duction had to be determined so that any inhibitive influential factor for sporulation of the intertidal alga,
effects observed could be ascribed to toxicants alone. allowing maximal sporulation in the range of 25—-35%o.
It is well known that environmental factors, such as Occurrence of reproduction itilva fensetrata, grow-
light and temperature exert significant influences on the ing from the mid to low intertidal zone, was reported to
initiation of algal sporulationl{iining, 1990; Lobban  be limited to between 19 and 55%. although the salin-
and Harrison, 1994and that the variability of physico- ity range for maximal reproduction was not indicated
chemical factors can modify the effects of chemicals on (Van Alstyne et al., 2003
the alga, thus complicating the evaluation of the results ~ Optimal temperature for sporulation was in the
(Eklund and Kautsky, 2003 range 15-20C, coincident with the fact thdt. perrusa
The light requirements for the maximal sporulation is a temperate specie¥geng, 1988 In Ulva plants
of U. pertusa in static cultures were found at photon collected from the Netherlands, spore formation was

irradiances higher than @Omol photons m?s-1, observed over a similar temperature ranlyala et
These values are higher than the previously reportedal., 1999.
30pmol photonsm?s~! for the same species When the reliability of the test procedure was tested

although in this latter case sporulation was carried using SDS as a reference toxicant, thesgE€ange
out under aerated conditionsign et al., 2003b It (2.66-7.17 mg 1) was comparable to that for ger-
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mination inhibition inU. fasciata (1.75-4.29 mg £1)
and to that for inhibition of sea urchin fertiliza-
tion (1.76-8.56 mgLtl) and embryo development
(1.93-7.07 mg 1) (Hooten and Carr, 1998The lev-

209

als Kay et al., 1984; Nieboer and Fletcher, 1996
The stability of metal ion—cellular target complexes
increases with the magnitude of the covalent and ionic
index. The metals tested in the present study have a

els of sensitivity shown by the studied alga indicate that similar ionic index with a descending order of cova-
the sporulation inhibition test may be successfully used lent index as P, Cl?*, C* and Zrf*. This order

for toxicity testing.

is similar to that of toxicity estimated by Eg val-

The metals tested were found to have adverse effectsues except for lead which was found to be far less

on sporulation ofU. pertusa and the calculated Eg

toxic than C@* and Cd*. In water hyacinths, it was

values revealed the toxicity of the metals in the decreas- noted that solutions containing 0-5 mgLCd?*, Cu?*

ing order of C4*>Cd?*>zZn?* > PH*. According to
the toxicity classification syste@ESAMP (1989)the

and PB* had differential effects on the plant growth.
The result was explained by differential mobility of

present results imply that all four metals are very toxic the metals Kay et al., 1983 The order of increas-

(ECso<1mgL™1), indicating high sensitivity ofU.

pertusa sporulation in response to these metals. Com-

ing mobility of the metals P8 < Cl/?* < CP* corre-
sponded with the degree of toxicity, although?Cu

parison of the test results obtained from the present becomes more mobile than €dat lower levels of
method with those of other algal assay protocols would exposureKay et al., 1983 The same principle might

provide information on the sensitivity of sporulation
inhibition as a suitable endpoint. Bearing in mind that
the different sensitivities of taxa are not well under-
stood (ewis, 1995, we compared Ci toxicity of

U. pertusa with that of U. compressa and found that

seem to be applicable to the present results where metal
toxicity as measured by Eg ranging from 0.061 to
0.877 mg L= was shown to be in the descending order
of Cl?*>Cd* > Zn?* > P*. The same order of tox-
icity has also been reported for natural phytoplankton

U. pertusa was 10—100 times more sensitive to copper (Gachter, 1975

thanU. compressa (Reed and Moffat, 1983 The end-

The toxicity of the sludge from different sources

points used for the latter species were growth, rhizoid was assessed by means of elutriate bioassay #ith
regeneration and cell viability, and so a comparison of pertusa. Salinity and pH were checked prior to the
the results appears to confirm that reproduction is a bioassay since these were important physico-chemical

sensitive indicator of copper toxicity, as has been pre-

viously shown in the brown algacrocystis pyrifera
(Anderson et al., 1990In fact, the sensitivity to C¥,
Pt?* and Zrf* was also greater in the present test
usingU. pertusa than in some well developed and stan-

factors known to affect the toxicity of pollutantR4i et
al., 198). Heavy metals become more toxic in acidic
conditions than in alkaline pH due to higher bioavail-
ability in the former Rai et al., 1981 There is no
consensus on the role that salinity plays in toxicity, but

dardized tests using freshwater green alga and aquaticenhanced toxicity has been often reported in response

vascular plantsKay et al., 1984; Bengtsson et al.,
1999. The threshold toxicity in duckweed and water
hyacinths was in the range, 0.087—0.5 mg Lfor
Cd*, 1.8-7.0mgL?! for Zn®* and higher than
2.0mg L1 for PR+,

Effects of toxic metals on algal metabolism have
been extensively documented IRai et al. (1981)

to effluents of reduced salinityppblin and Clayton,
1995; Burridge et al., 1999In the present conditions,
similar salinity and pH values were recorded among
elutriates. The E§y concentrations obtained here were
different depending on sludge samples, indicating that
the toxicity test based on sporulation inhibition is an
effective means to differentiate mixtures from differ-

In general, exposure to heavy metals, such as thoseentorigins. At higher elutriate concentrations, the toxic
tested in the present study, is known to inhibit growth effects appear to cause injuries characterized by thal-
and photosynthesis, to suppress cell division, to causelus discoloration. The mechanism of toxic expression
loss of photosynthetic pigments and to damage plasmaby the elutriates and contribution to toxicity by indi-
membranesKai et al., 198). The differential cause  vidual constituents are uncertain since it is difficult
of cellular toxicity by different metals might partly to identify the differing degree of extractability and
be related with the stability of the metal ions binding the potential of synergistic, antagonistic and additive
to cellular targets and/or with mobility of the met- effects Pardos et al., 1998However, sludge contains
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acomplex mixture of constituentsincluding heavy met- chemical characterization efforBiéson et al., 1980

als, organic particulates, PAHs and PCBs, etc., and In this sense, th&lva toxicity test may prove a novel
many of these have already been shown to cause toxi-approach being useful for an integrated assessment of
city to various algal taxaRai et al., 1981; Klaine and  toxicity of both well-defined and unknown wastes.
Lewis, 1995. When the non-parametric Spearmanrank  The algal toxicity test using the sporulation inhibi-
correlation analysis was performed for the association tion of U. pertusa exhibits practical advantages in many
between the endpoint and the concentrations of pol- ways. This method does not require much expertise or
lutants retained in the sludge, a significant correlation equipment because it uses microscopic observation of
was found £ <0.05,r=0.717 or highen; = 9) between the thallus color change. Unialgal cultures@fper-

the biological response and the levels oRPGUCE™, tusa can be set up with ease and maintained as stock
Zn?* and PB*. This does not necessarily mean that cultures in the laboratory. Samples are also available
these elements are responsible for the observed toxi-all the year round in the field. With further scaling-up
city of the elutriates. Information on mobilization of of quantification of the toxicity versus concentration of
metals from the sludge into the liquid phase would be single or multiple toxicants, we have no doubt that this
required but it was not possible to perform extensive bioassay could be applicable to the routine monitoring
toxicant analysis of the elutriates. Instead, we adopted of coastal water environments as a complement to the
the reported average mobilization factors of three heavy chemical analysis.

metals (C&*, Zn?* and PB*) and estimated the metal Members ofUlvales show a wide range of geo-
concentrationsin the elutriates in terms of toxicity units - graphic distribution and have similar reproductive pro-
(TU) (Beiras et al., 20038 The TU concept is com-  cesses. Therefore, the test method developed in the
monly used with complex mixtures of contaminants present study has a potential for application to the
with similar modes of action. For elutriate samples in species belonging to the same taxa elsewhere.

which the summed TU was greater than one, adverse

effects were expected since one TU predicts a 50% inhi-

bition of sporulation. Therefore, the toxicity found for A cknowledgements
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complex manner than single toxicants. Elutriate testing
using the sporulation inhibition df. pertusa seems to
give information about the bioavailability and toxic-
ity of extractable pollutants, but not on the potential
effects of contaminants retained in the sludge. As the anderson, B.S., Hunt, J.W., Turpen, S.L., Coulon, A.R., Martin,
elutriate test may provide useful ancillary information M., 1990. Copper toxicity to microscopic stages of giant kelp
on sludge-associated contaminants, it might be advis-  Macrocystis pyrifera: interpopulation comparisons and temporal
able to use elutriate toxicity data as estimates of the _Vvariability. Mar. Ecol. Prog. Ser. 68, 147-156.

mixin nd dilution of slud before di | and th APHA, AWWA, WEF, 1995. Standard Methods for the Examination
ga ution of sludge betore disposal a e of Water and Wastewater. American Public Health Association,

determination of the size of mixing zone. American Water Works Association, Water Environment Feder-
Development of marine algal test methods noting ation, Washington, DC, pp. 10-157.

effects of a particular chemical class would be useful Bengtsson, B.-E., Bongo, J.P., Eklund, B., 1999. Assessment of

for hazard assessment of any quuid samples previously duckweedLemna aequinoctialis as a toxicological bioassay for

. . . . tropical environments in developing countries. AMBIO 28, 152—
unstudied, thus reducing the time and cost associated 155 ping
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