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INTRODUCTION

Coastal areas are among the most productive of
marine environments and also serve as the recipients
for high loads of human-derived pollutants (Abel &
Axiak 1991, Kenish 1992). Toxic chemicals enter
coastal areas in association with water and sediment,
and are, for the  most part, accumulated in the sedi-

ment section. Thus, benthic fauna are likely to be
chronically exposed to marine pollutants (Chandler et
al. 1994, Lotufo 1997, 1998). Hence, a full evaluation of
ecological effects of chemical contaminants on coastal
environments should consider toxic effects on demo-
graphic responses of representative benthic species
(Hutchinson & Williams 1989, Bechmann 1994, Hutch-
inson et al. 1994, 1999, Chandler & Green 2001). A lim-
itation to this approach has been the cost and length of
time required to generate demographic toxicity data.
As toxic inputs in coastal areas vary considerably over
time, frequent cost-effective measurements of toxicity
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females over 4 and 6 d, respectively, to 3 toxic substances (fluoranthene, cypermethin and delta-
methrin), the bioassay was seen to successfully measure survival effects on egg, nauplii and adults
and sublethal effects on food acquisition and clutch size. Predictive consequences of toxic exposure
at population level was estimated in terms of reproductive success, by integrating effects on adult
survival and reproductive performance over the studied exposure period. Fluoranthene exposure
reduced feeding rate and clutch size at concentrations below those affecting survival and population
responses. For cypermethrin, survival, sublethal and reproductive success concentration effects were
of a similar magnitude. For deltamethrin adult and nauplii survival, clutch size and reproductive suc-
cess were equally affected at concentrations which were lower than those affecting feeding and egg
survival. Responses to contaminated algae showed a different pattern, with toxicant effects only on
nauplii survival and reproductive success, and under exposure to pyrethroid insecticides. Thus, dif-
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using this short-term bioassay. These results have important implications for risk assessment in estu-
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tional relationship between effects on survival, feeding and reproduction rates and concentration can
be determined.
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are essential. Therefore, tests estimating demographic
responses to toxic events in coastal areas should be of
short duration (Hutchinson & Williams 1989).

Population effects are often inferred from observa-
tions made at the level of the individual. To make pre-
dictions concerning an individual’s contribution to
population responses, age-specific survival, fecundity
and timing of reproduction must be measured and
combined to estimate demographic parameters (Calow
et al. 1997, Forbes et al. 2001). Exposure to a toxic sub-
stance may affect population responses by reducing
juvenile and adult survival. Alternatively, toxic expo-
sure may also affect demographic responses, impairing
resource acquisition and thus reducing offspring pro-
duction and/or increasing developmental rates (Di
Pinto et al. 1993, Green & Chandler 1996, Lotufo 1997,
Barata & Baird 2000). Discrimination between survival
(lethal) and sublethal (i.e. resource acquisition) effects
of toxic substances is important in ecotoxicology be-
cause the resulting combination of these 2 effects,
which will likely differ among toxic substances, may
have differing consequences at the community and
ecosystem level. For example, both lethal and sub-
lethal effects on zooplankton could have long-term
effects on secondary production (Moore & Folk 1993).
However, toxic substances with effects on resource
acquisition could also affect phytoplankton communi-
ties by their influence on grazing, thus increasing the
risk of algal blooms (Jak et al. 1996).

Although it is possible to obtain information on lethal
and sublethal toxic effects from existing short-term
marine bioassays, no single test method encompasses
the full complement of potential life-history effects
required to predict population consequences of expo-
sure to a pollutant. Lethal tests provide information on
adult or juvenile survivorship, but no information on
production rates are assessed (ASTM 1988). Tests
based on sublethal responses such as reproductive out-
put and juvenile developmental rates (Hutchinson &
Williams 1989, ASTM 1990, Williams 1992, Hutchinson
et al. 1994) may allow collection of information on
lethal and sublethal effects, but this information is
incomplete and may be confounded, for example by
failing to distinguish between effects on embryonic or
juvenile survivorship during development versus
energy allocation to eggs (e.g. Baird et al. 1991).

Toxic substances can have multiple toxicological
modes of action. It is therefore crucial to focus our toxi-
cological investigations to study the dominant ecotoxi-
cological (sensu Barata & Baird 2000) mode of action,
based on the concentration at which various toxicolog-
ical effects become potentially operative at the popula-
tion or ecosystem level (Calow et al. 1997, Forbes et al.
2001). By developing test designs which allow us to
quantify and separate lethal and sublethal effects, it

should be possible to group chemicals by the effects
that they exert on individuals in terms of their popula-
tion or ecosystem consequences. This could be simply
achieved from existing life-cycle tests conducted with
sibling species of the meiobenthic copepod Tisbe
(Bechmann 1994, 1999, Hutchinson et al. 1999). For ex-
ample, by measuring a few additional variables such
as feeding rate. Furthermore, by exposing adult fe-
males and nauplii in separate tests it should also be
possible to shorten the duration of these tests to as little
time as it takes for the production of a couple of broods.

The study of Barata & Baird (2000) demonstrated that
sublethal (growth and reproduction) responses to toxic
chemicals of Daphnia females exposed over a single
reproductive event (3 to 4 d) were similar to those
obtained in long-term studies (21 d). These results
were related to the fact that food acquisition is usually
affected immediately upon exposure to toxic chemi-
cals, and resources allocated to growth and reproduc-
tion are determined from the resources acquired
between reproductive events (Nogueira 1996). Medina
et al. (2002) studying acute effects of cypermethrin in
nauplii and adult stages of Acartia tonsa, showed that
exposure periods longer than 3 d should be selected to
assess lethal effects (i.e. LC50). Thus, by exposing cope-
pod nauplii over 4 d and copepod adult females over a
few reproductive events it is possible to measured
lethal and sublethal effects. Thus, the aim of our study
was to investigate whether by making a few simple
adjustments to the existing Tisbe life-cycle protocol to
include measurements of feeding rates and egg mor-
tality, and limiting exposure periods to 4 d for nauplii
and the production of 2 clutches for adults (i.e. 6 d at
20°C under optimal food conditions; Williams & Jones
1999), it is possible to derive a test design of similar
ecological relevance, yet which is less labour intensive
and costly than existing demographic procedures (e.g.
Bechmann 1994, 1999).

The marine bioassay organism Tisbe battagliai Volk-
mann-Rocco was chosen as it occurs commonly in shal-
low, coastal waters throughout Europe and North
America, and is an important food source for fish and
macroinvertebrates (Williams & Jones 1999). T. batta-
gliai is also sensitive to a variety of environmental con-
taminants and is currently used in assessment of water
quality in estuarine and coastal waters (Hutchinson &
Williams 1989, Williams 1992, Hutchinson et al. 1994,
Thomas et al. 1999). Furthermore, as an opportunistic
scavenger and common representative of the meio-
benthos (Lopez 1982, Villano & Warwick 1995), T. bat-
tagliai can be exposed to pollutants through a variety
of routes associated with sediment, food particles and
water.

The ecotoxicological modes of action of different
pollutants were determined by studying lethal effects
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on egg, naupliar and adult survivorship, and sublethal
effects on food acquisition and hence on clutch size of
adult females. Effects on individuals were translated
into population responses by determining the repro-
ductive success, which was expressed as the female
offspring produced by an adult female during the test.
Although the reproductive success does not account
for toxicant effects on developmental rates and juve-
nile survival, it integrates effects on egg and adult
survival as well as fecundity across reproductive
events, and hence can be considered a partial esti-
mate of the net reproductive rate, R0 (Stearns 1992).
The proposed design was tested using 3 organic
chemicals and 2 exposure routes. In particular, meio-
benthic copepods were exposed to aqueous and food-
associated fluoranthene, cypermethrin and delta-
methrin. Fluoranthene is a polycyclic aromatic hydro-
carbon (PAH) that is a common contaminant in many
coastal systems, usually associated with discharge of
petroleum and atmospheric depositions of combustion
by-products (Kenish 1992, Lotufo & Fleeger 1997,
Lotufo 1998). Insecticide pyrethroids such as cyper-
methrin and deltamethrin occur in marine coastal
areas usually associated with agricultural runoff
(Chandler et al. 1994). Both pyrethroids can also enter
the marine coastal environment from chemotherapeu-
tic sea lice control products (Burridge et al. 2000, Roth
2000). The high hydrophobicity of PAH and pyre-
throid insecticides favours their partitioning to sedi-
ment and suspended particles such as algae (Kenish
1992, Chandler et al. 1994, Zhou et al. 1995, Zhou &
Rowland 1997, Lotufo 1998). Thus, it is not surprising
to find that sediment-associated fluoranthene and
pyrethroid insecticides strongly affect feeding and
hence impair reproduction of meiobenthic copepods
(Clark et al. 1989, Chandler 1990, Chandler et al.
1994, Lotufo 1998). Nevertheless, meiobenthic cope-
pods such as Tisbe can feed continuously by grazing
on algae (Villano & Warwick 1995). Thus, algae-asso-
ciated fluoranthene, cypermethrin and deltamethrin
may also affect population responses of meiobenthic
copepods.

MATERIALS AND METHODS

Test organisms. Adults and new-born (nauplii) cope-
pods used in this study originated from continuous cul-
tures successfully maintained at Brixham Environmen-
tal Laboratory (Hutchinson & Williams 1989). Tisbe
battagliai were cultured in 0.2 µm filtered natural sea-
water (30 psu), collected from Saint Andrews, Scot-
land, and maintained at 20 ± 1°C. Copepods were fed
every 2 d with a mixed 1:1 diet of microalgae Isochry-
sis galbana and Rhinomonas reticulata at a concentra-

tion of 1 × 105 cells ml–1, equivalent to 1.9 µgC ml–1

(after Kleppel & Burkart 1995). Cultures were main-
tained at 20°C under a photoperiod of 16:8 h light:dark
cycle and changed every 2 d to maintain oxygen and
food levels. The procedures for culturing the 2 algal
food species has been described previously (Williams
& Jones 1994).

At 20°C and under optimal food conditions, an aver-
age new-born nauplius of Tisbe battagliai requires 10
to 12 d to reach adulthood (Williams & Jones 1999).
After a single copulation, sexually mature females can
produce 6 to 7 broods (egg sacs) throughout their life
(1 every 3 to 4 d) (Hutchinson & Williams 1989,
Williams & Jones 1999). Furthermore, adult females do
not moult after reaching sexual maturity, and thus all
energy resources acquired by adult females are poten-
tially available for maintenance and reproduction.
Thus, by exposing reproductive females over 2 repro-
ductive events (i.e. 6 d) sublethal toxic effects on repro-
duction can be assessed. Furthermore, egg viability
can also be estimated by comparing clutch size with
offspring production after a 6 d exposure.

Experimental design. Four experiments were per-
formed. In the first 3, Tisbe battagliai were exposed to
aqueous concentrations of fluoranthene, cypermethrin
and deltamethrin in the presence of food. In the fourth
experiment, T. battagliai were exposed to algae pre-
loaded with each of the 3 toxicants in clean seawater.

Exposure to aqueous concentrations of the 3 stud-
ied toxicants. Toxicity tests were conducted in 2 differ-
ent life-stages of Tisbe battagliai, namely adult
females carrying egg sacs and nauplii. Experiments
with adults lasted 6 d and were initiated with first
reproductive females (just before they release their
first egg sacs). Females were held in groups of 10 in
50 ml borosilicate containers filled with 40 ml of the
appropriate test solution whilst male copepods were
excluded (as a single copulation enabled females to
produce fertile eggs throughout their reproductive
period, Hutchinson et al. 1994). Experimental treat-
ments consisted of 4 replicates of a fed and starved
control (no toxic substance added), and 4 to 6 test con-
centrations for fluoranthene, cypermethrin and delta-
methrin. As experiments were started with ovigerous
females derived from laboratory cultures, the inclusion
of starved controls allowed us to judge whether ob-
served life-history patterns were influenced by the
previous culture regime. In all treatments, T. battagliai
were transferred to newly prepared solutions every
other day. Except for the starved control treatments,
T. battagliai were fed every other day with a mixture
of Isochrysis galbana and Rhinomonas reticulata
(1.9 µgC ml–1). Copepod mortality and the presence of
offspring in each test chamber was monitored daily
over 6 d using a binocular stereomicroscope. After 6 d
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of exposure, surviving females were collected to deter-
mine clutch size and egg viability. To determine clutch
size, egg sacs were gently removed from freshly killed
females and their eggs counted using a binocular
microscope. Females were killed by overexposing
them to CO2-saturated seawater. To estimate egg sur-
vival, from each treatment, 8 females carrying egg sacs
(2 replicate–1) were randomly chosen and held in indi-
vidual 5 ml cultures until the release of their brood.
Egg survival was then expressed as the ratio between
the number of offspring produced versus the average
clutch of females of similar age, replicate and treat-
ment. In addition, groups of 20 copepod nauplii were
exposed to the 3 studied toxic chemicals over 4 d.
Experimental treatments consisted of 4 replicates of a
fed control and 4 to 6 test concentrations of fluoran-
thene, cypermethrin and deltamethrin. Nauplii mortal-
ity was recorded daily. The remaining experimental
conditions were identical to those described for adult
females.

Feeding trials were conducted between the first
and second test renewal (2 to 4 d of exposure) follow-
ing the same experimental protocol described for the
reproduction experiments. For each treatment, 2
blank replicates filled with the same culture medium
but with no Tisbe battagliai were included to ensure
that algae did not grow during the feeding trials. The
mean initial algal cell concentration of the experi-
mental vessels at the start of the experiment (time = t0)
was determined from three 40 ml samples obtained
from the treatment medium before it was distributed
into all the experimental vessels. After 48 h, the final
cell concentration (t48) of the 6 replicates of each
treatment (2 blanks, 4 treatment replicates) were
assessed using the whole test volume (40 ml). All
algal samples were immediately centrifuged (5000 × g
for 25 min), resuspended in 1 ml, preserved in Lugol’s
solution and stored at 4°C. Algae concentrations were
determined using a haemocytometer (haemocytome-
ter BS 748 improved Neubauer 1/400 mm2). Feeding
was then determined using the cell-difference
method following Allen et al. (1995).

Exposure to preamended algae. Toxicity tests were
only conducted with adult females carrying egg sacs.
Adult females were exposed to algae preloaded with
each of the 3 chemicals in clean seawater. Algae cells
were preloaded by adding 0.7, 3.5 and 50 µg l–1 of
deltamethrin, cypermethrin and fluoranthene, respec-
tively, to a 1 l sample of algae with a cell density of
1 × 105 cells ml–1 and left for 24 h in darkness. The
algae were then centrifuged (5000 × g for 25 min) and
after discarding the supernatant, the algae cells were
resuspended in 1 l of uncontaminated seawater to pro-
vide the stock suspension for each toxicant. Experi-
mental treatments consisted of 4 replicates of both a

fed and starved control (no toxic substance added),
and 3 toxicant concentrations, 1 per each toxic chemi-
cal studied. Copepod mortality and the presence of off-
spring in each test chamber were monitored every
other day over 6 d. This allowed us to indirectly assess
nauplii survival between sampling dates (48 h). The
remaining experimental conditions were identical to
those described under exposures to both water and
food.

Water chemistry. Saturated aqueous stock solutions
of deltamethrin (Pestanal, RdH Laborchemikalien, 99.8%
purity), cypermethrin (40% cis- 58% trans, SUPELCO,
99.5% purity) and fluoranthene (Aldrich, 98% purity)
were prepared following the method described by
Barata & Baird (2000): 1 ml of 0.1 mg ml–1 of delta-
methrin and cypermethrin and 1 ml of 1 mg ml–1 of flu-
oranthene solutions in acetone were allowed to com-
pletely evaporate in a 2 l borosilicate glass container.
Then the container was filled with 1 l of 0.2 µm filtered
seawater and mixed in an orbital incubator for 2 d.
Prior to the preparation of test concentrations, stock
solutions were filtered through a glass microfibre filter
(0.2 µm) to obtain only the maximum soluble fraction of
the chemical. In seawater, this amount corresponds to
1.5, 7.0 and 100 µg l–1 of deltamethrin, cypermethrin
and fluoranthene, respectively (Verschueren 1983,
Hayes & Laws 1991). Nominal test concentrations (µg
l–1) of deltamethrin (0, 0.005, 0.01, 0.025, 0.05, 0.1, 0.2,
0.75), cypermethin (0, 0.025, 0.05, 0.1, 0.2, 0.4, 3.5) and
fluoranthene (0, 10, 25, 50, 100) were prepared by
adding appropriate aliquots of the stock solution to fil-
tered seawater. Stocks were kept in darkness at 4°C
during the experiments.

For the 3 chemicals studied, duplicate water sam-
ples of freshly prepared (t0) and old test (t48) solutions
were collected from experimental vessels at the
beginning and end of tests. Due to the low solubility
in seawater of deltamethrin (<1.5 µg l–1) and cyper-
methrin (<7 µg l–1), actual concentrations were only
determined from 400 ml water samples of the filtered
stock solutions used in each experiment. Fluoran-
thene analysis was restricted to 50 ml water samples
at 3 concentrations: 25, 50 and 100 µg l–1. Prior to
extraction, water samples were pretreated with
propan-2-ol and acidified with nitric acid. Test solu-
tions of the 3 chemicals were extracted from water
and preconcentrated in a solid-phase, Bond Elut C18
extraction column (Varian, Phenomenex). Deltamethrin
and cypermethrin were eluted from the solid-phase
cartridges with a mixture of acetonitrile:toluene of 3:1
and 3:1.5, respectively, whereas fluoranthene was
eluted with a mixture of propan-2-ol:glacial acetic
acid:toluene:petroleum ether of 0.9:0.1:2:7. The ob-
tained solutions were then evaporated using a rotary
vacuum evaporator (Genelac SF 60, Corning) and the
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residue resuspended in 2 ml of mobile phase. Actual
concentrations of the 3 chemicals were determined by
HPLC using the method of Carvalho et al. (1995). For
the 3 chemicals, 100 µl of the final sample extract was
injected onto a SUPELCOSILTM 59142 LC-ABZ 5 µm
pore size 2.5 cm × 4.6 mm column (SUPELCO). A
mobile liquid phase of acetonitrile:water (75:25 and
80:20 for pyrethroid insecticides and fluoranthene,
respectively) was used. A flow rate of 1.0 ml min–1

and wavelengths of 210 and 242 nm were set to
analyse pyrethroid insecticides and fluoranthene,
respectively. The multivariate calibration method pro-
posed by Martinez Galera et al. (1996) was used to
integrate cis- and trans-cypermethrin isomers. Chro-
matographic data analysis was carried out using a
PC1000 v2.5 software (Thermo separation Products).
Retention times for deltamethrin, cypermethrin and
fluoranthene were 9.6, 8.5 and 8 min, respectively.
Recovery of pyrethroid insecticides and fluoranthene
from water samples was determined from duplicated
standard solutions of known concentration, which
were extracted and eluted at the same time as test
solutions. Mean recoveries ± 1 SD (%) of delta-
methrin, cypermethrin and fluoranthene from water
samples were 85 ± 4, 87 ± 5.2 and 98 ± 3%, respec-
tively (n = 4). Dissolved oxygen, pH and salinity were
also measured at the beginning and end of tests.

Statistical analysis. Nauplii survival responses after
4 d and adult and egg survival data after 6 d were used
to estimate lethal concentration effects (LC10–50). Al-
though the experimental methods employed here
allowed estimation of lethal concentration effects (i.e.
LC50) over different exposure periods (i.e. 24, 48, 72,
96, 120, 148 h), in a previous study we showed that
cypermethrin-LC50 obtained for adult and nauplii
copepod stages decreased with increasing exposure
time (Medina et al. 2002). For this reason, in the pre-
sent study only survival responses and lethal concen-
tration effects obtained at the end of the exposure
period are depicted. To increase the accuracy of lethal
concentration measurements (LC10–50), adult and nau-
plii survival data from the 4 replicates were pooled
(Barata & Baird 2000). Egg survival was expressed as
the proportion of nauplii produced per averaged egg
sac size after 6 d of exposure. For each replicate ×
treatment combination, clutch size was determined as
the averaged number of eggs produced per surviving
female after 6 d of exposure. Thus, clutch size values
included females with and without egg sacs. The
reproductive success was determined from the total
number of female offspring produced per day per liv-
ing female (mx) and the age-specific survival (lx) over
4 d of exposure (Stearns 1992). As experiments were
started with ovigerous females derived from laboratory
cultures, production of first brood of offspring was

judged to have been influenced by the previous cul-
ture regime. Consequently, analysis of total number of
offspring produced excluded values from the first 2 d.
Assuming a sex ratio of 1:1 in nauplii (Bechmann
1994), reproductive success can be expressed as:

(1)

where: lx = number of living females on Day x/number
of females at start of the experiment; mx = (number of
nauplii produced on Day x/2)/number of living females
on Day x.

Life-history trait responses including survival, clutch
size, feeding rates and reproductive success across
actual fluoranthene, cypermethrin and deltamethrin
dissolved chemical concentrations (loge transformed)
were used to estimate lethal (LC10–50), sublethal and
reproductive success concentration effects (EC10–50).
Effect concentration values (EC) were determined
from a regression-based approach performed on raw
rather than transformed data. This allowed us to con-
sider information about the real sample distribution of
each concentration and controls (Barata & Baird 2000).
The non-linear allosteric decay regression model was
selected to fit the data obtained as it can describe
threshold biological responses (Allen et al. 1995,
Barata & Baird 2000, Barata et al. 2000). Confidence
intervals (95%) associated to LC10–50 and EC10–50 were
determined following the procedure of Barata et al.
(2000). Prior to analysis, toxicant concentrations were
loge transformed. Model accuracy was assessed by
using adjusted coefficient of determination, r2, and by
analysing residual distribution (Zar 1996). Significance
of the entire regression and regression coefficients
were determined by F- and t-tests, respectively (Zar
1996). Whenever inspection of residuals evidenced
non-homogeneity of variance, the estimates were
corrected using the weight-least square method,
where the weight was proportional to the reciprocal of
the variance.

Data obtained in the fourth experiment among ex-
posure treatments and controls, and in all experi-
ments between control and starving control treat-
ments were compared by ANOVA procedures. Adult
and nauplii survival data were analysed using chi-
square and F-exact test, whereas egg survival, feed-
ing rates, clutch size and reproductive success were
analysed using 1-way ANOVA followed by Dunnett’s
tests. This allowed the identification of statistically
significant differences (p < 0.05) between control and
treatment groups. In all traits, raw data were tested
for normality (p > 0.05; Kolmogorov-Smirnov tests). In
the few cases where variances were heteroscedastic
(p < 0.05, Bartlett’s test) data were loge transformed
prior to analysis.

  
Reproductive success = m lx x

x =
∑

3

6
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RESULTS

Chemical analysis

Actual fluoranthene concentrations of freshly pre-
pared solutions were 30% higher than expected, but
old solutions differed by 30% from freshly prepared so-
lutions (p < 0.05; Student’s t-tests, Table 1). Thus, actual
concentrations of fluoranthene in test solutions were
based on the interpolated midpoint value between ini-
tial and final concentrations. Actual concentrations of
cypermethrin and deltamethrin in freshly prepared
stocks were 66 and 39% lower than expected, and de-
creased again by 35 and 44%, respectively, after 48 h
(Table 1). Therefore, actual concentrations of cyperme-
thrin and deltamethrin in test solutions were based on
dilutions of the measured concentrations of stock solu-
tions which were determined as the interpolate mid-
point value between initial and final concentrations.

In all cases, oxygen levels in freshly prepared and
old test solutions were within 90% of saturation levels.
Mean pH and salinity values were 8.1 and 30 psu,
respectively, and differences between initial and final
values never exceeded 0.2 and 2 units, respectively.

Life-history responses of Tisbe battagliai

In all 4 experiments (Figs. 1 to 4), females deprived of
food for 6 d produced smaller clutches than those fed
on uncontaminated alga (p < 0.05; Student’s t-tests).
Furthermore, except in the bioassay performed with
deltamethrin, starvation also affected female survi-
vorship (p < 0.05, F-exact tests). As a consequence,
starvation significantly affected reproductive success
(p < 0.05, Student’s t-tests).

Exposure to aqueous concentrations of 
fluoranthene, cypermethrin and deltamethrin

Survival, sublethal (i.e. clutch size, feeding rates)
and reproductive success responses to fluoranthene,
cypermethrin and deltamethrin followed the allosteric
decay model, in which no or low response at low con-
centrations occurs, followed by an accelerating nega-
tive response as concentrations increase (Figs. 1, 2 & 3).
In all cases, the residuals of the regressions obtained
were normally distributed (p > 0.05; Kolmogorov-
Smirnov tests) and the coefficients of determination
were greater than 0.5 (Table 2). For fluoranthene, low
concentration effects for feeding and clutch size
responses were lower than those reported for lethal
(LC10) and reproductive success responses (EC10;
Table 2). However, high sublethal, lethal and repro-
ductive success effects (LC50, EC50) were of similar
magnitude (Table 2). This apparent contradiction
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Table 1. Nominal versus measured concentrations (µg l–1) of
fluoranthene, cypermethrin and deltamethrin in freshly pre-
pared (t0) and old test solutions (t48). Duplicate samples taken
at the beginning and end of the tests have been pooled (n = 4). 

Standard deviations are shown in parentheses

Nominal                              Effective concentration
Mean t0 Mean t48

Fluoranthene
25 38.56 (2.87) 22.74 (2.76)
50 74.32 (3.51) 47.35 (5.41)
100 140.37 (5.84) 93.65 (9.70)

Cypermethrin
7 3.14 (0.26) 2.04 (0.20)

Deltamethrin
1.5 0.91 (0.07) 0.51 (0.09)

Fig. 1. Survival and sublethal responses (mean ± 1 SD) includ-
ing egg, nauplii and adult survival, feeding rate, clutch size
and reproductive success as a function of aqueous fluoran-
thene concentrations. Data have been fitted to an allosteric
decay model. Responses of starving females (starv) are also
depicted. Exposure periods were 4 d for nauplii and 6 d for 

adults and eggs
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arises from the fact that allosteric curves for clutch size
and feeding response were less steep than those
obtained for survival and reproductive success re-
sponses (Fig. 1). Survival, clutch size, feeding rates and
reproductive success responses were equally sensitive
to cypermethrin (Fig. 2). Consequently, lethal, sub-
lethal and reproductive success concentration effects
of cypermethrin were of a similar magnitude (Table 2).
For deltamethrin adult and nauplii survival, clutch size
and reproductive success were equally affected at con-
centrations which were lower than those affecting
feeding and egg survival (Fig. 3, Table 2).

Exposure to preamended algae

Exposure to algae contaminated with fluoranthene,
cypermethrin and deltamethrin only affected repro-
ductive success responses (F3,12 = 15.2, p < 0.05; Fig. 4).

In particular, females exposed to algae preloaded with
cypermethrin and deltamethrin and those feeding on
uncontaminated algae produced clutches of similar
size and most of their eggs were viable. However,
between sampling dates (2 d) only 50% of the nauplii
produced by females feeding on algae contaminated
with pyrethroids survived. As a consequence, repro-
ductive success responses were significantly affected
under exposure to cypermethrin and deltamethrin.

DISCUSSION

The results reported here showed that by exposing
nauplii and adult females of Tisbe battagliai over 4 and
6 d, respectively, to 3 toxicants (fluoranthene, cyperme-
thrin and deltamethrin), it was possible to successfully
measure lethal effects on egg, naupliar and adult
stages, and non-lethal effects on food acquisition and
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Fig. 2. Survival and sublethal responses (mean ± 1 SD) includ-
ing egg, nauplii and adult survival, feeding rate, clutch size
and reproductive success as a function of aqueous cyperme-
thrin concentrations. Data have been fitted to an allosteric
decay model. Responses of starving females (starv) are also
depicted. Exposure periods were 4 d for nauplii and 6 d for 

adults and eggs

Fig. 3. Survival and sublethal responses (mean ± 1 SD) includ-
ing egg, nauplii and adult survival, feeding rate, clutch size
and reproductive success as a function of aqueous delta-
methrin concentrations. Data have been fitted to an allosteric
decay model. Responses of starving females (starv) are also
depicted. Exposure periods were 4 d for nauplii and 6 d for 

adults and eggs
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reproduction rates. Fluoranthene exposure reduced
feeding rates and clutch size at concentrations below
those affecting survival responses. For cypermethrin,
sublethal and survival concentration effects had a simi-
lar magnitude. For deltamethrin, adult and nauplii sur-
vival and clutch size were equally affected at concen-
trations which were lower than those affecting feeding
and egg survival. Responses to algae contaminated
with fluoranthene, cypermethrin and deltamethrin
showed a different pattern, with toxicant effects only
occurring on nauplii survival and under exposure to
pyrethroid insecticides. Thus, differences in the domi-
nant ecotoxicological modes of action, in terms of the
balance between survival and sublethal responses with
potential effects at the population level, can be success-
fully assessed using this short-term bioassay.

Once the functional relationship has been quantified,
extrapolation from pollutant effects on individuals to
populations can be achieved by assessing the relative
sensitivity of population parameters to changes in life-
history traits (Calow et al. 1997, Forbes et al. 2001) or,
alternatively, determining toxicant effects on popula-
tion responses (Forbes & Calow 1999). In the present
study, sensitivities of the population parameter, namely
reproductive success, to the studied chemicals did not
always agree with those observed for individual traits.
Pyrethroid insecticide concentration effects on repro-
ductive success were similar to those observed for sub-
lethal (clutch size) and survival responses. However, for
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Fig. 4. Survival and sublethal responses (mean ± 1 SD) includ-
ing egg and adult survival, feeding rate, clutch size and
reproductive success to contaminated algae spiked with 60,
1.3 and 0.35 µg l–1 of fluoranthene, cypermethrin and delta-
methrin, respectively. Responses of females fed non-contami-
nated algae (controls) and starving controls are also depicted.
The exposure period was 6 d. *Significant difference (p < 0.05)

from control mean

Table 2. Toxic effects on selected life-history traits of Tisbe batta-
gliai nauplii, eggs and adult females carrying egg sacs after 4 (nau-
plii) and 6 d (eggs and adults) of exposure. LC10–50 and EC10–50 val-
ues were determined assuming an allosteric decay non-linear
model. 95% CI for LC10–50 and EC10–50 are shown in parentheses.
Values are reported in µg l–1 for fluoranthene and in ng l–1 for
cypermethrin and deltamethrin; r2: coefficient of determination; 

n: sample size; *p < 0.05

Survival LC10 LC50 n r2

effects

Fluoranthene
Nauplii 44.4 (26.4–74.2) 68.3 (53.8–83.7) 5 0.98*
Adults 63.3 (47.4–83.7) 101.1 (90.5–113.0) 5 0.99*
Eggs 46.9 (31.4–69.8) 86.2 (69.4–106.8) 20 0.80*

Cypermethrin
Nauplii 19.4 (13.7–25.0) 37.3 (33.4–41.2) 6 0.99*
Adults 26.8 (3.2–51.1) 52.0 (29.1–75.4) 6 0.96*
Eggs 23.4 (5.0–51.3) 67.1 (36.4–99.2) 19 0.55*

Deltamethrin
Nauplii 4.9 (0.6–9.4) 15.1 (8.8–21.5) 6 0.96*
Adults 4.7 (2.1–7.3) 10.6 (7.2–14.0) 6 0.99*
Eggs 64.1 (22.4–107.6) 88.7 (71.9–106.3) 27 0.63*

Sublethal EC10 EC50 n r2

effects

Fluoranthene
Feeding rate 7.8 (1.6 – 43.7) 34.0 (9.0–121.9) 15 0.51*
Clutch size 9.2 (1.1–46.9) 66.9 (21.9–200.9) 20 0.54*

Cypermethrin
Feeding rate 14.1 (2.7 – 25.6) 27.8 (13.4–42.4) 20 0.68*
Clutch size 10.4 (3.8 – 17.1) 23.2 (12.9–33.5) 19 0.84*

Deltamethrin
Feeding rate 28.1 (12.1–43.9) 58.1 (41.0–75.6) 27 0.70*
Clutch size 8.7 (0.8–17.0) 13.8 (10.1–38.3) 27 0.65*

Reproductive EC10 EC50 n r2

success

Fluoranthene 44.1 (27.5–71.9) 63.4 (56.6–71.1) 20 0.89*

Cypermethrin 9.3 (4.5–14.1) 22.2 (15.9–28.4) 24 0.89*

Deltamethrin 16.1 (2.7–29.7) 37.8 (11.7–64.7) 28 0.60*
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fluoranthene, reproductive success and survival re-
sponses were affected at higher concentrations than
sublethal responses. These results support the state-
ment of Forbes & Calow (1999) that there is no consis-
tent pattern in terms of which individual level traits are
more or less sensitive to toxic exposure than population
traits. Indeed, Forbes & Calow (1999) reported that in
33 out of 99 cases, population parameters were less sen-
sitive than 1 or more individual level traits. This means
that single tests based on survival, sublethal or popula-
tion responses do not necessarily yield a complete pic-
ture of ecological effects of toxic chemicals. For exam-
ple, in the present study, survival or population
responses were unable to predict potential long-term
effects of fluoranthene on phytoplankton communities
due to effects on grazing. According to Jak et al. (1996)
many toxic chemicals can cause eutrophication phe-
nomena by inhibiting zooplankton grazing rates. In ad-
dition, survival and sublethal responses of adults were
also unable to predict toxic effects of algae-associated
pyrethroids due to effects on nauplii survival. There-
fore, we have shown that this new test design can be
used to quantify and separate multiple ecotoxicological
models of action as measured through combined effects
on individual life-history traits.

To recommend the use of this short-term. rapid bio-
assay as an alternative to existing lethal and reproduc-
tion tests performed with marine invertebrates, it
would be necessary to compare the sensitivity of life-
history responses obtained in the present bioassay
with those reported in previous studies. Furthermore,
as experiments with adults were started with oviger-
ous females derived from laboratory cultures, it was
also necessary to judge whether observed life-history
patterns were influenced by the previous culture
regime. In all 4 tests performed, averaged adult sur-
vival, clutch size and reproductive success values of
starving females were 48, 80 and 74% lower, respec-
tively, than those observed in control females. This
means that the exposure period chosen (6 d) was long
enough to minimise the influence of the previous cul-
ture regime.

Life-history response patterns of Tisbe battagliai
exposed to fluoranthene in seawater agree with
reported studies performed in meiobethic copepods
and marine amphipods. Predicted concentration ef-
fects of fluoranthene in seawater for survival responses
of different life-stages were similar to those observed
for larvae of marine amphipoda species (i.e.4 d LC50 =
36 to 100 µg l–1 from Boese et al. 1997). Furthermore,
observed life-stage and life-history patterns to fluoran-
thene such as a relatively greater sensitivity of eggs
and nauplii than adults, and strong sublethal effects on
feeding responses were also observed in long-term
sediment bioassays conducted in meiobenthic cope-

pods. Lotufo (1997, 1998) after exposing 2 meiobenthic
copepod species to sediment-associated fluoranthene
over 10 and 14 d, respectively, found that sublethal
effects on feeding and impairments of embryonic
development occurred at lower concentrations than
those causing adult mortality. Lotufo & Fleeger (1997)
studying toxic effects of sediment-associated phenan-
threne on different life-stages of meiobenthic cope-
pods also reported higher sensitivities for naupliar
stages.

In the present study, adults and nauplii only showed
marginal differences in sensitivity to deltamethrin and
cypermethrin. More specifically, lethality thresholds
(95% confidence intervals, CI, for LC10) for adults and
nauplii varied from 3 to 51 ng l–1 for cypermethrin and
from 0.6 to 9 ng l–1 for deltamethrin. Studies conducted
with estuarine crustaceans and meiobenthic copepods
have also reported similar sensitivities of juvenile and
adult stages to pyrethroid insecticides (Chandler 1990,
Cripe 1994). Toxicities to sensitive life-stages of other
crustaceans such as amphipods, crayfish, shrimp and
lobster have been reported from 4 to 200 ng l–1 for
cypermethrin and 1.4 ng l–1 for deltamethrin (Clark et
al. 1989, Day 1989, Cripe 1994, Burridge et al. 2000).
Therefore, in the present bioassay, observed life-stage
sensitivities of Tisbe battagliai to pyrethroids were of
similar magnitude to those obtained for other crus-
taceans.

Few studies have reported sublethal or long-term
toxic effects of pyrethroids on aquatic crustacea. Life-
time exposure of Daphnia populations to fenvalerate
resulted in a decrease in clutch size at 5 ng l–1 (Day &
Kaushik 1987). Chandler (1990) studying sensitivities
of 2 meiobenthic copepods to sediment-bound fen-
valerate residues reported sublethal effects for clutch
size at 25 µg l–1. In the present study, predicted low
concentration effects (EC10) for clutch size of cyper-
methrin and deltamethrin in seawater were 10.4 and
9.7 ng l–1, respectively. Thus, observed sublethal sen-
sitivities of Tisbe battagliai to the studied pyrethroids
were of similar magnitude of those obtained in Daph-
nia and much greater than those reported in sediment
bioassays. Chandler (1990) also observed that nega-
tive effects of pyrethroid insecticides on the reproduc-
tion of meiobenthic copepods were associated with a
decrease in clutch size and egg viability. In the pre-
sent study, we also reported that pyrethroid insecti-
cides impaired egg viability. Thus, observed pyre-
throid effects on reproduction also agree with
previous studies.

All of the 3 toxicants studied impaired juvenile sur-
vival and reproductive success of Tisbe battagliai indi-
viduals at aqueous concentrations well below solubil-
ity levels; hence, indicating potential environmental
hazards to marine meiobenthic communities. Never-
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theless, hydrophobic pollutants such as PAH and
pyrethroids tend to accumulate in sediment and food
particles, and therefore disappear very rapidly from
the water column (Zhou et al. 1995, Zhou & Rowland
1997). Indeed, this questionable argument is often for-
warded to support the use of such substances in aqua-
culture. Thus, meiobenthic copepods and probably
most coastal organisms are likely to encounter hydro-
phobic pollutants in the sediment or bound to food
sources (i.e. algae) (Chandler et al. 1994, Lotufo 1998).
Several studies have reported that sensitivities of
meiobenthic copepods to sediment-associated fluoran-
thene and pyrethroid insecticides were several orders
of magnitude lower than those observed for other crus-
tacea in water only exposures (Chandler 1990, Straw-
bridge et al. 1992, Chandler et al. 1994, Lotufo 1998).
In the present study, T. battagliai females and egg sur-
vivorship were unaffected by algae spiked with near
aqueous saturation levels of fluoranthene, cyperme-
thrin and deltamethrin, (i.e. 60, 1.3 and 0.35 µg l–1,
respectively). Conversely, naupliar production and
hence reproductive success was dramatically reduced
under exposure to contaminated algae with pyrethroid
insecticides. Leppanen & Kukkonen (2000) reported
that low or no toxic effects of sediment-associated
pyrethroids and PAH is related to the ability of extreme
hydrophobic chemicals to strongly bind to sediment
and algal particles. As a consequence, pyrethroids and
PAHs bound to particles are less bioavailable to
aquatic organisms. Hence, sensitive life-stages such as
juveniles are more likely to be affected by sediment- or
algae-associated hydrophobic chemicals than adults,
and current views supporting the non-bioavailability
of such substances would seem to be highly open to
question.

Our results and those obtained in other studies
(Chandler et al. 1994, Lotufo 1997, 1998) have shown
that toxicity of fluoranthene and pyrethoid insecticides
to meiobenthic copepods varied among aqueous, sedi-
ment and algae exposure routes. This means that the
assessment of ecological effects of toxic chemicals in
the coastal marine environment, monitoring pro-
grammes should include the 3 exposure routes: sea-
water, sediment and food. Here, we have shown that it
is feasible to study toxic effects of food and aqueous-
associated toxicants using a single test design with the
meiobenthic copepod Tisbe battagliai. As an oppor-
tunistic epibenthonic scavenger, T. battagliai can also
be exposed to pollutants associated with sediment
(Lopez 1982, Villano & Warwick 1995). This could be
simply achieved from existing stage-specific or partial
life-cycle sediment tests conducted with meiobenthic
copepods (Chandler 1990, Lotufo 1998, Chandler &
Green 2001), for example limiting exposure periods of
adults to 1 or 2 broods.

CONCLUSIONS

Although limited to only 6 d, the results reported
here indicate that for all 3 studied chemicals, a short
exposure period was sufficient to adequately define
the functional relationship between concentration and
fitness-related life-history traits such as reproductive
output and adult and juvenile mortality. It is also
important to point out that no single test can yield a
complete picture of the overall toxic response, as toxic
effluents, contaminated sediments or even single
chemicals may have multiple ecotoxicological modes
of action. Thus ecotoxicological studies should focus on
developing tests with greater flexibility in order to dis-
cover the interactions among these various ecotoxico-
logical modes. Here, we have shown that by limiting
the exposure period to sensitive age classes (i.e. repro-
ductive females, nauplii) and measuring additional
variables (egg survival, feeding rates), it is possible to
develop a test design with a shorter duration than
existing life-cycle bioassays. Nevertheless, to assess
whether it is necessary to use exposure periods longer
than 4 to 6 d, short-term sensitivities to toxic chemicals
should be compared with those obtained in life-table
experiments (Bechmann 1994).
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