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Abstract

Short-term14C-fixation (4 h)Selenastrum capricornutumalgal toxicity tests were conducted with Cd (n = 8), Zn
(n = 9) and suspended sediment aqueous elutriates (n = 28) and the results were compared to those obtained
in a 48 h population growth test. In order to provide more realistic experimental conditions, toxicity tests were
carried out in prefiltered nutrient-spiked Lake Geneva water. The population growth inhibition test was significantly
more sensitive than the14C-fixation test for Cd (median EC50-4h and EC50-48h values of 600 and 118µg L−1,
respectively) whereas no significant difference was measured for Zn toxicity (median EC50-4h and EC50-48h
values of 97 and 96µg L−1, respectively). With suspended sediment aqueous elutriates, the relative sensitivity of
the two different end points is sample dependent, with ratios of the EC25 for the14C-fixation: population growth
test ranging from< 0.26 to> 53.3. Elutriate toxicity shows no apparent relationship between the acute and chronic
test, indicating that population growth inhibition cannot be derived directly or predicted from14C-fixation. Both
tests with their specific advantages and limitations provide valuable complementary information to measure the
impact of single toxicants or complex mixtures on aquatic plants.

Introduction

A variety of test methods are available to deter-
mine the phytotoxic effects of chemicals, effluents
or sediments. The freshwater alga most frequently
used isSelenastrum capricornutumPrintz, recently
renamedRaphidocelis subcapitataKorschikov. Lab-
oratory toxicity studies undertaken with micro-algae
have mostly focused on measuring end points resulting
from chronic exposures of usually 3–4 days (Lewis,
1995).

Acute toxicity tests are seldom conducted with al-
gae but photosynthetic activity has been a common
parameter monitored in laboratory toxicity bioassays
with cultured algae. The more common methods used
for these analysis have been14CO2 uptake and oxygen

evolution. The primary advantage of photosynthesis
tests is their short duration, usually 2 to 4 h, but expo-
sure times have also ranged from 0.5 to 24 h (Van der
Heever & Grobbelaar, 1996; Hall et al., 1996). Gen-
erally, it appears that photosynthetic activity has been
a less sensitive indicator than population growth mea-
surements (3- to 4 days) of toxic effect. Such toxicity
has been observed for cadmium, copper, diethyl phtha-
late, pentachlorophenol, atrazine, simazine, effluents
(Versteeg, 1990) as well as anisole, phenol and sodium
laurylsulphate (Nyholm & Damgaard, 1990) and oil
shale process waters (Delistraty, 1986). However,
comparisons of the sensitivity of the two test systems
have not been made systematically for similar test
conditions (medium, temperature, light, initial algal
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biomass), in particular with complex environmental
samples.

As part of a sediment toxicity assessment program
of the Franco-Swiss International Commission for the
Protection of the Waters of Lake Geneva (Pardos et al.,
1994, 1996), the purpose of this work was to develop
a short-term (4 h) test based on uptake and assimila-
tion of radio-labeled carbon inS. capricornutumand to
compare its sensitivity to the 48-h population growth
inhibition test. Algae were exposed under similar test
conditions to suspended sediment aqueous elutriates,
Zn and Cd and the results of both types of end points
are interpreted for sample toxicity comparison and
laboratory to field extrapolation.

Material and methods

Suspended sediment collection and preparation

For the recovery of suspended sediment, large volume
water samples were pumped in 1994 and 1995 from
the river mouth of tributaries around Lake Geneva
through three continuous-flow centrifuges operating
in parallel (two Westphalia type KA2-06-175 and one
Alfa-Laval Sedisamp system II). Flow rate for all cen-
trifuges was maintained at 5–6 L min−1, giving a total
water throughput of 15–18 L min−1. Since suspended
solids were generally low in the rivers, water process-
ing was carried out for∼ 3 h, giving a total volume
of some 2700–3240 L. The efficiency of particle sepa-
ration in these centrifuges is known to be greater than
90% of the incoming suspended sediment (Ongley &
Thomas, 1989; Santiago et al., 1990). Suspended sed-
iments were collected at 28 locations in order to cover
a wide range of known or suspected contamination
by heavy metals and organic micropollutants. Median
grain size values ranged from 7.2 to 43.3µm and or-
ganic carbon content varied from 1.4 to 24.4% w/w
(Pardos et al., 1996).

The suspended sediment samples were kept in the
field in a cooler with ice-packs. On return to the labo-
ratory (< 24 h) subsamples for bioassays were kept
at 4 ◦C before the extraction procedure (< 24 h).
Sediments were elutriated with Lake Geneva water
taken from the surface to 5 m depth (station GE2) and
prefiltered through a 0.45µm pore size nitrocellulose
filters. Filtered lake water characteristics were: pH
7.8 to 8.8; total alkalinity 1.6 to 1.8 mmol HCl L−1;
dissolved organic carbon 0.8 to 1.3 mg L−1; Ca 40.1
to 43.5 mg L−1; Mg 5.8 to 6.1 mg L−1; Zn 2.3 to

21.0µg L−1 and Cd< 0.1 µg L−1. The elutriation
was carried out by mixing sediment to lake water in
a solid to liquid volumetric ratio of 1:4, shaking by
rotation for one hour, and filtering the supernatant at
0.45µm following centrifugation (2000× g, 15 min).
Elutriates (pH range from 7.4 to 8.6) were prepared
less than 24 h before the bioassay experiments.

Algal culture

Selenastrum capricornutum(Chlorophyceae) was cul-
tured under axenic conditions in borosilicate glass
flasks. The culture medium was the standard AAP
media (U.S. EPA, 1989). Culture flasks were shaken
continuously at 100 rpm and incubated at 24±2 ◦C on
a rotary shaker table under constant light (255µmol
photon m−2 s−1).

An algal inoculum was prepared for each sample
from fresh culture stocks sampled during the expo-
nential growth phase by concentrating cells by cen-
trifugation and resuspending them into an appropriate
volume of nutrient-spiked lake water (see below). The
final density was verified by cell counts.

Toxicity testing

In order to incorporate more realistic experimental
conditions, samples were diluted using prefiltered
(0.45µm) Lake Geneva water with a control of lake
water without elutriates. Exposure chambers were Fal-
con microplate (n◦3047) containing 2 mL (population
growth test) and 3 mL (photosynthetic activity) final
exposure volume. Nutrients were added as a 10µL
volume of concentrated medium (211–311x AAP me-
dia) to all control and treatments wells before addition
of algae. Inoculum (100µL) was added to produce
an initial cell density of 105 cells mL−1 (Ross et al.,
1988). Five final serial dilutions of sediment elutri-
ates were tested in duplicate or triplicate: 6.6, 19.9,
49.7, 76.2 and 96% or 2.4, 4.7, 9.5, 19.0, 37.9 and
75.8% elutriate depending on suspected toxicity. For
Zn2 (ZnCl2) and Cd2 (CdCl2) toxicity analysis, serial
dilutions from 40 to 470µg Zn2 L−1 and from 30 to
1650µg Cd2 L−1 were prepared for testing.

Total exposure time was 4 and 48 h and incubation
conditions were 24±2 ◦C, 255µmol photon m−2 s−1

with no shaking. The decision to process sample incu-
bation for 48 h and not 72 or 96 h as in the classical
chronic toxicity tests was made following prelimi-
nary experiments demonstrating that precipitation of
calcite in the presence of photosynthesizing algae oc-
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curred in the nutrient-spiked lake water medium when
incubation time was> 48 h.

For the 4 h test, all treatments were spiked with
1 µCi NaH14CO3 at the beginning of the incuba-
tion. At the end of the incubation, a 2 mL aliquot
was acidified with 200µL of HCl 0.1N to stop bio-
logical activity and sonicated for 45 min to remove
un-assimilated inorganic14C in order to measure only
the assimilated radioactive carbon. Furthermore, total
available14C was measured on an additional 0.5 mL
aliquot. Radioactivity was counted with a liquid scin-
tillation counter (Canberra Packard TriCarb 1500).
The amount of assimilated carbon was calculated from
the ratio: [(assimilated14C/available14C)×available
12C×1.06], where the constant is a correction factor
for the selective uptake of the isotope (Plumb & Lee,
1979). Total inorganic carbon in filtered lake water and
in final filtered elutriates was measured to account for
the background inorganic carbon content of the elutri-
ates, which may exceed the inorganic carbon levels of
the lake water. Inorganic carbon concentrations were
measured by calculation using pH and alkalinity data
(Stumm & Morgan, 1996).

For the 48-h test, cells were quantified with
an electronic particle counter (Coulter Counter, TA
model, 50µm cell) at the end of the incubation.
Depending on the cell density observed during the in-
cubation, 0.5 to 1 mL of algal culture diluted in 25 mL
of NaCl 1% was used for precise cell counting.

End point determinations and statistical analyses

The results of acute and chronic toxicity are reported
as the EC25 or EC50 values (concentration that re-
duces photosynthesis/growth of 25 and 50% v/v, re-
spectively) and their 95% confidence intervals. The
lower the EC25 or EC50, the more toxic the aqueous
extract. These end points are estimated using the lin-
ear interpolation method (U.S. EPA, 1994). Spearman
rank-correlation analysis was done to underline possi-
ble links between acute and chronic toxicities in algae
exposed to sediment elutriates. Mann-Whitney rank
sum test was applied to check for differences between
the 4 and 48 h tests for Zn and Cd. Significance for
both statistical tests was set atP < 0.05. When end
point values were undefined (i.e.,> 96% v/v), they
were arbitrarily set at the detection limit.

Results

The total biomass after 48-h incubation of control cul-
tures (nutrient-spiked lake water) in population growth
inhibition tests reached on average 2.46 106 cells
mL−1 ±12.3% (n = 112), corresponding to an in-
crease from initial conditions (105 cells mL−1) of a
factor 24.6. Since the test duration is longer than the
reproductive cycle of the organism and that the fac-
tor increase is> 16 (ISO, 1989), this bioassay is
considered as representative of a chronic toxicity. In
14C-assimilation tests, photosynthetic activity aver-
aged 142.5 mgC m−3 h−1 ±11.7% (n = 99). As a
consequence, fluctuation inS. capricornutumpopu-
lation growth and photosynthetic activity was not of
major concern during our study.

Zn and Cd tests

Median EC50 values (n = 9) for Zn to S. capricor-
nutumin nutrient-spiked Lake Geneva water were 97
(25th and 75th percentile of 70 and 111µg L−1) and
96µg L−1 (25th and 75th percentile of 90 and 103µg
L−1) after 4 h and 48 h incubation, respectively (Fig-
ure 1). For Cd, median EC50 values (n = 8) were
at 600µg L−1 (25th and 75th percentile of 397 and
655µg L−1) for the short-term test and at 118µg L−1

(25th and 75th percentile of 110 and 128µg L−1) for
the chronic exposure (Figure 1). The growth inhibi-
tion test is significantly (P < 0.001) more sensitive
than the14C assimilation for Cd whereas there is no
statistically difference (P = 0.930) in median EC50
concentrations for Zn. The short- to long-term EC50
ratio is 1.0 and 5.1 for Zn and Cd, respectively.

Sediment elutriates

The calculated EC25 (% elutriate, v/v) for the 28 sus-
pended sediment elutriates are reported in Table 1.
When considering the 25% effect, 24 (85.7%) and 12
(42.9%) elutriates are inhibitory, respectively to pho-
tosynthetic and population growth response. EC25-4 h
varied from 24.3 to> 96%, while EC25-48 h ranged
from 1.8 to> 96%. Based on EC25 data, 10 samples
are toxic for both photosynthetic and growth responses
(case I, Table 1); 14 elutriates are only toxic in the
acute test (case II, Table 1); 2 are only toxic in the
chronic test (case III, Table 1); and 2 samples are non
toxic for the two endpoints (case IV, Table 1).

EC25 photosynthetic to growth ratio calculated for
the sediment elutriates investigated vary from< 0.26
to > 53.3. The 14C-fixation test is more sensitive
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Table 1. Comparison of the toxicity (EC25 values and 95% confidence intervals) of suspended
sediment elutriates to the algaS. capricornutumas assessed by the 4 h14C-assimilation test
and the 48 h population growth test. Case I: samples toxic after 4 and 48 h; Case II: samples
only toxic after 4 h; Case III: samples only toxic after 48 h; Case IV: samples non toxic after
4 and 48 h

Case Sample 14C-Assimilation Population Growth EC25-4h/

EC25-4h 95% C.I. EC25-48h 95% C.I. EC25-48h ratio

(% v/v) (% v/v)

I #1 24.3 18.0–30.6 21.4 20.9–21.4 1.14

#2 24.7 21.9–27.1 24.5 17.6–33.5 1.01

#3 28.9 24.5–34.3 11.4 11.0–11.7 2.54

#4 29.8 24.1–35.5 73.9 73.0–74.7 0.40

#5 32.4 23.3–38.3 3.8 3.2– 4.4 8.53

#6 39.6 33.4–46.4 81.0 78.9–83.6 0.49

#7 45.7 37.1–58.7 4.6 3.6–14.6 9.93

#8 48.6 44.3–56.8 77.0 73.4–79.4 0.63

#9 60.3 51.4–64.0 15.4 14.4–16.3 3.92

#10 65.6 58.1–71.0 27.7 23.7–31.1 2.37

II #11 24.8 23.9–25.9 >96.0 NC <0.26

#12 25.3 23.3–26.7 >96.0 NC <0.26

#13 25.5 16.3–39.3 >96.0∗ NC <0.26

#14 32.0 29.8–33.8 >96.0 NC <0.33

#15 33.8 32.1–35.5 >96.0 NC <0.35

#16 34.3 32.2–35.9 >96.0 NC <0.36

#17 36.0 28.6–49.7 >96.0 NC <0.38

#18 43.3 36.7–48.8 >96.0 NC <0.45

#19 43.8 41.1–45.7 >96.0 NC <0.46

#20 48.3 42.8–57.5 >96.0 NC <0.50

#21 52.0 43.9–79.4 >96.0∗ NC <0.54

#22 59.5 49.1–65.6 >96.0 NC <0.62

#23 60.5 55.3–66.4 >96.0 NC <0.63

#24 88.0 77.9–94.7 >96.0 NC <0.92

III #25 >96.0 NC 13.6 9.5–16.0 >7.06

#26 >96.0∗ NC 1.8 1.5– 2.3 >53.3

IV #27 >96.0 NC >96.0 NC 1.0

#28 >96.0 NC >96.0 NC 1.0

∗: stimulation (> 20%) at the maximum elutriate concentration tested.
NC: non calculable.

in 60.7% of the cases than the chronic test, whereas
25% of the elutriates are more toxic in the population
growth test (Figure 2). Spearman rank order correla-
tions between EC25-4 h and EC25-48 h (rs = 0.00,
P = 0.997,n = 28) revealed no relationship between
the two variables. In addition, if we consider only sam-
ples that are toxic for both end points parameters (Case
I, Table 1), results are similar with again no strong re-
lationship between photosynthetic activity and growth
of S. capricornutum(rs = 0.152,P = 0.656,n = 10).

Discussion

The results showed clearly that the relative sensitiv-
ity of the two procedures (14C short-term uptake and
population growth measurement) is sample dependent
and the data obtained with suspended sediment elutri-
ates (Table 1) demonstrated no apparent relationship
between the two endpoints.

As analyses of photosynthesis by14C-fixation re-
flect an effect on a specific physiological process,
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Figure 1. Comparison of the toxicity (median EC50 value and 75th

percentile) of Zn and Cd to the algaS. capricornutumas assessed
by the 4 h14C-assimilation test and the 48 h population growth test.
∗: statistically significant (P < 0.001).

while measurements of growth reflect an integrated
effect on all physiological processes, different scenar-
ios are possible to explain these results. Compounds
classified as non-specific physiological metabolic in-
hibitors (e.g., phenol) which indirectly affect pho-
tosynthesis and/or require more than 4 h to cause
detectable toxicity will have high short- to long-term
test ratios. Therefore, the use of a photosynthesis test
does not make it possible in these cases to estimate
the full toxic effect, as it is suggested with Cd toxi-
city results. In contrast, in long-term tests, toxicants
have additional time and cellular sites to cause toxic-
ity which could explain the high toxicities measured
in some samples after 48 h (e.g., samples #5, 7 and
26, Table 1) and high short- to long-term EC25 ratios
(Table 1). On the other hand, diminution of toxicity
with increasing incubation time may indicate the pres-
ence of volatile contaminants, toxicant metabolism
(Dijkman et al., 1997), speciation effects or may re-
flect the bonding of metals by intracellular phosphates
rendering them less toxic (Wong et al., 1995).

The results of this study are in good agreement
with other work in the sense that short- (14C fixation,
O2 generation and esterase inhibition) to long-term
ratios for algae have been reported to be compound
specific and ranged from 0.02 to> 161 (Versteeg,
1990; Nyholm & Damgaard, 1990; Snell et al., 1996),
encompassing the range in our results (Table 1). How-

Figure 2. Relative sensitivity of the S. capricornutum
14C-assimilation test and the 48 h population growth test
based on EC25 values of suspended sediment elutriates. A:
14C-assimilation test more sensitive; B: Population growth test
more sensitive; C: Same test result (sample is non toxic or has
no significant difference between EC25 values based on the 95%
confidence intervals).

ever, in view of results in the literature (Delistraty,
1986; Versteeg, 1990; Nyholm & Damgaard, 1990;
Snell et al., 1996), the fact that the photosynthesis
inhibition test was more sensitive for the majority
of the samples than the population growth test (Fig-
ure 2) was surprising and apparently reflects the fact
that elutriates from suspended sediments consists of
many different kinds of chemical compound inhibiting
photosynthesis. Furthermore, various effects includ-
ing the synergistic, antagonistic, and additive effects
of all the chemical, physical, and biological compo-
nents present in complex mixtures can adversely affect
the physiological and biochemical functions of the
test organisms in various ways and in a more com-
plex manner than single toxicant assays. In addition,
these data confirm that chronic toxicity cannot be di-
rectly derived from acute toxicity testing with the same
species (Garric et al., 1993) and that both short- and
long-term algal tests provide valuable complementary
information in monitoring programs when the purpose
is to compare relative toxicity of one sediment with
one another.

The significance of these effects when extrapolat-
ing the data given here to potential field events requires
a through understanding of the ecosystem structure
and function (Graney et al., 1995) as well as the
identification of the causes of toxicity and a precise
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knowledge of the limitations of the laboratory bioas-
say used. Drawbacks of the experimental protocol in
chronic algal tests can complicate the interpretation of
results and reduce possible extrapolation of data to en-
vironmental or field situations. For instance, changes
in media pH due to rapid algal growth and in toxicants
to algal cell ratio during chronic exposures are some of
these well known limitations. In addition, the appar-
ent toxicity of sample components can be affected by
factors that are poorly understood such as hydrolysis,
volatilization, biodegradation of sample constituents
as well as bacterial growth in the elutriates, which are
usually rich in dissolved organic carbon. The effect
of these factors on the bioavailability and toxicity of
environmental contaminants confounds chronic algal
toxicity data interpretation and gives rise to criticism
because of the unrealistic experimental conditions of
the chronic tests (Lewis, 1995). These test limitations
can be addressed by limiting exposure to a few hours
as in the short-term (4 h) toxicity test presented here.
On this basis alone, the photosynthetic procedure is
preferable for determining a more realistic acute im-
pact on the ecosystem and improving laboratory to
field extrapolations, in particular if the method is used
for measuring effects on natural phytoplankton assem-
blage such as in the study of Santiago et al. (1993).
Nevertheless, long-term tests are still needed for en-
vironmental hazard assessment and development of
semistatic chronic algal tests (Radetski et al., 1994)
with more realistic designs could greatly improve field
to laboratory extrapolations.

This study demonstrates that the short-term algal
S. capricornutumbiotest based on14C-fixation can
be a useful tool to measure the impact of single tox-
icants or compounds released by suspended sediments
on aquatic plants. However both types of test (acute
or chronic) have their specific advantages depending
on the purpose of testing and should be considered as
complementary.
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