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Abstract Synthetic pyrethroids are classified as moder-
ately toxic to mammals and birds; nevertheless, they are
highly toxic to non-target aquatic organisms such as fish
and zooplankters. Chemical pollutants produce different
effects in exposed organisms, ranging from biochemical to
population responses. Cladocerans can modify the energy
content of their offspring according to the surrounding
medium as a way to improve their odds in case they have to
cope with stressful conditions at birth. In this study, the
effect of a synthetic pesticide on two levels of response in a
Daphnia species different from those traditionally used as
test organisms was evaluated. With this aim, Daphnia
schoedleri neonates (<24 h) were exposed for 21 days to
three sublethal concentrations of a-cypermethrin, 0.54, 5.4,
and 54 ng L™, which correspond to 48-h EC,/100, EC,/
10, and ECy, respectively. Effects were measured through a
life table analysis for fecundity and survivorship. For
effects on progeny, protein, carbohydrates, and lipids were
determined and then transformed to caloric content. Bio-
markers (BM) were expected to be the most sensitive
evaluated response; nevertheless, population parameters
such as survivorship and net reproductive rate (Ry) were
more sensitive since they presented significant differences
with respect to controls at the lowest tested concentration.
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Neonates’ caloric content varied during the reproductive
period assessed and was negatively correlated to fecundity:
as more neonates were born, less energy was provided by
the adult females. Macromolecules concentration and
caloric content values in cypermethrin-exposed adults were
not different from those recorded in the control at the end
of exposure time. The results herein presented suggest that
stressed daphnids allocate more energy reserves to their
offspring, although this strategy can vary depending on the
number of reproductive events during the lifecycle, and on
the toxicant’s concentration. Sub-individual approaches to
assess toxicant effects should be accompanied by demo-
graphic studies, which support population effect predic-
tions inferred from BMs assessment.
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Introduction

The core idea for designing pesticides is to kill noxious
organisms, for which they are intentionally released into
the environment. Nevertheless, non-target organisms could
also get in contact with such chemicals that can cause their
death or affect them negatively. In addition, severe envi-
ronmental problems can appear in contaminated media that
induce reduction in abundance, species richness or distri-
bution (Hanazato 2001).

Pesticides can also affect aquatic invertebrate’s popu-
lations dynamics by altering their age structure (Liess et al.
2006), growth and development (Forbes and Cold 2005),
and mortality rates (Schroer et al. 2004). Moreover, the
effects on fecundity will have repercussions at the popu-
lation level (Goedkoop et al. 2010).
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Pyrethroids are synthetic derivatives from pyrethrins—
active substances naturally produced by certain chrysan-
themum species—that possess neurotoxic effects and affect
the central nervous system of insects, which are the main
target of such pesticides (Hu et al. 2010; Pettit et al. 2010).
Nevertheless, pyrethroids can reach water bodies and affect
non-target organisms because of their usage in both urban
and agricultural areas for pest control; their posterior runoff
could eventually affect the aquatic biota (Weston et al.
2009; Shen et al. 2012). Although pyrethroids are consid-
ered as slight to moderate toxicants to mammals, it has
been observed that aquatic organisms, including fish and
aquatic invertebrates, are much more sensitive (Friberg-
Jensen et al. 2003).

The major environmental concern about cypermethrin
(CYP) is related to its high toxicity to aquatic organisms,
since several studies have confirmed adverse effects on
different taxa at very low concentrations, including lethal
and sublethal responses. Reported ECsy values include
CYP concentrations as low as 0.19 pg L' (72 h) for the
benthic copepod Acartia tonsa (Medina et al. 2002), or
0.5 ug L™" for rainbow trout (Bradbury and Coats 1989);
sublethal effects may occur at much lower concentrations
(Moore and Waring 2001). CYP is specifically toxic to
crustaceans and, for this reason, it is used for the treatment
of parasitic copepods infestations in salmonids culture
(Gowland et al. 2002); after treatments, therapeutic bath
media are released to the surrounding water, and this leads
to direct exposure of this pesticide to the natural aquatic
biota. It should be noted that the metabolism of this syn-
thetic pyrethroid involves the glutathione S-transferase
(GST) enzyme, producing oxidative stress in crustaceans
(Gowland et al. 2002).

Cypermethrin is highly toxic to Daphnia magna and
Ceriodaphnia dubia, by decreasing their reproductive
output and growth as well as survival when these cladoc-
erans were exposed to concentrations as low as a few
nanograms per liter (Shen et al. 2012). Furthermore, car-
bohydrates content was reduced related directly to CYP
concentration (Christensen et al. 2005). Although carbo-
hydrates play an important role in energy budget, the major
energy reserve in cladocerans is represented by lipids,
which are firstly mobilized for reproduction or involved in
energy-demanding processes, like detoxification (Sancho
et al. 1996).

How cladocerans accumulate energy depends on intrinsic
(e.g., age, physiological condition) and extrinsic (environ-
mental conditions) factors that will modify the energy allo-
cation and the way in which these resources can be stored by
organisms as lipids, protein, or carbohydrates (Tessier and
Goulden 1982; Peters 1987), and how they are destined to
maintenance, growth, and reproduction (Kooijman and
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Bedaux 1996). The way in which these organisms obtain and
how they use the energy, under both ideal and stressful
environmental conditions, have been thoroughly studied by
several authors, being Kooijman the most recognized and the
author of the dynamic energy budget (DEB) theory as a
useful explanation of this process (Nisbet et al. 2012).
Energy obtained through food is allocated to two main large
physiological processes: somatic growth-structure mainte-
nance and sexual maturity-reproductive maintenance-
gametes production; chemical pollutants affect negatively
growth and reproduction of organisms and under stress
conditions both processes compete for energy. DEB theory is
the result of several studies carried out more than 20 years
ago by Kooijman and coworkers, summarized in Kooijman
(2001) and Kooijman et al. (2009).

The present study was aimed at evaluating to what
extent can energy reserves be allocated to Daphnia
schoedleri offspring when they are exposed to a-CYP and
figuring out if there is any correlation between the energy
resources allocated to neonates and the responses at supra-
individual level. D. schoedleri is a zooplanktonic cladoc-
eran not traditionally used as test organism in aquatic
ecotoxicology, hence the obtained information will be
relevant for the knowledge of toxic responses in a different
freshwater microcrustacean species.

Materials and methods

The D. schoedleri strain was obtained from the cladoceran
collection of the Experimental Hydrobiology Laboratory
(Escuela Nacional de Ciencias Bioldgicas, Instituto Polit-
écnico Nacional); this strain has been maintained active for
more than 15 years. Test specimens were obtained from
controlled cultures of known age, where ten parthenogenetic
females were grown in 500-mL containers with 400-mL of
reconstituted hard water (206 mg L! CaCl,-2H,0,
247 mg L™' MgS0,-7H,0, 193 mg L™' NaHCO;, and
8 mg L! KCI) (US EPA 2002). Specimens were main-
tained at 25 £ 1 °C, with a 16:8 h (light:dark) photoperiod
and fed on Pseudokirchneriella subcapitata at 6 X
10° cells mL™".

Acute toxicity tests were carried out to determine the
48 h-ECsy value for o-CYP (PESTANAL®, analytical
standard 99 % purity. supplied by Sigma-Aldrich), accord-
ing to standardized guidelines (US EPA 2002). Dilution
water was reconstituted hard water, and the endpoint was
immobilization measured at 24 and 48 h. ECsq values were
used afterwards as reference to determine CYP sublethal
concentrations for the sub-chronic toxicity exposure bioas-
says; the corresponding toxicity units (TU) of tested con-
centrations were also determined.
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Effect of a-cypermethrin on D. schoedleri reproductive
fitness

Based on previously determined EC;’s for this study,
neonates were exposed to EC; and fractions of this value
(1/10 and 1/100), resulting the following concentrations:
0.54, 5.4, and 54 ng L' of CYP, equal to 0.0009, 0.009,
and 0.09 TU; experiments were conducted until cladocer-
ans reached 21-days. Additionally, two controls in recon-
stituted hard water were carried out, one with no toxicant
and another with dimethylsulfoxide (DMSO) at 50 uL L™,
since this was the solvent concentration used as CYP car-
rier in all the treatments. DMSO is one of the solvents
recommended for toxicity bioassays with Daphnia at
concentrations not exceeding 100 pL L' (OECD 1998).
Five replicates of each treatment were performed using ten
specimens per replicate. All assays were conducted in
250-mL containers with 200-mL test solution under the
same feeding regimen as described previously; test solution
was completely renewed every other day. Once reproduc-
tion began, progeny was daily separated and recorded in
the different treatments and controls during the 21-days
exposure period; no complete life-cycle studies were car-
ried out for controls, because after 21 days mortality was
recorded for all the a-CYP concentrations. For the bio-
chemical analysis, produced neonates were euthanized by
fast freezing and kept at —20 °C until their use. At the end
of experiments, adult females were euthanized in the same
manner and kept under the same conditions.

Life table analysis

With adults’ survival and fecundity data recorded during
21 days of CYP exposure and through a partial life table
analysis, the demographic parameters, survivorship (/) and
age related fecundity (m,), were determined. In addition,
the intrinsic rate of population growth (r) (estimated by
iteration with Euler’s equation), net reproductive rate (Ry),
life expectancy at birth (e,), generation time (G), and the
average lifespan were also calculated for survivorship and
fecundity values recorded during 21 days in each cohort,
according to Krebs (1985) and Martinez-Jerénimo and
Martinez-Jeréonimo (2007). Even though these demo-
graphic parameters are supported by data collected only
during 21 days, these are valid for this period and enable
comparison with values determined for the control series.

Caloric content determination

Once reproduction began, the progeny produced daily in all
the replicates of each treatment was pooled, and the total
number of neonates was divided in three equal parts for the
posterior analysis of total protein, lipids, and carbohydrates.

Thus, these three neonates’ replicates (with at least 40 indi-
viduals) and five adults’ replicates (with at least 3 daphnids)
were homogenized in 1-mL methanol:water solution (1:1).
Lipids were extracted twice with equal volumes of chloro-
form. Thereafter, the organic phase was heated to dryness;
250 pL. of water, 250 pL H,SO4 and 1 mL of vanillin
reactive were added as described by Zollner and Kirsch
(1962). Lipids in the samples were quantified by comparing
absorbance (532 nm) data with the standard curve of
cholesterol.

Total protein and total carbohydrates were determined in
the aqueous phase resultant from lipid extraction. 300 puL
of the Bradford’s reactive (Bradford 1976) were added to
the same volume of the daphnids homogenate, and protein
content was obtained by interpolation in the standard curve
of bovine serum albumin (absorbance at 595 nm).

The Dubois’ method was used for carbohydrates quan-
tification, using dextrose as standard (Arzate-Cardenas and
Martinez-Jerénimo 2012). 50 pL. of saturated phenol
solution (about 80 %) were added to 250 uL. of the
homogenate and the final reaction was performed at 80 °C
after sulfuric acid addition (500 pL). Absorbance was read
at 490 nm and interpolated in dextrose standard curve.

Finally, the caloric content was calculated as described
in Mann and Gallager (1985) and results are expressed as
millicalorie individual ~'.

Statistical analysis

a-Cypermethrin toxic effective concentrations (ECyx) were
calculated through Probit analysis (Stephan 1977). Results
from energy content in offspring were compared through
bifactorial ANOVA (factors: maternal age and CYP con-
centration), and Dunnett’s multiple comparisons test (to
establish differences with respect to the control group at
each time). On the other hand, caloric content in adult
females as well as the population parameters herein
determined were compared through one-way ANOVA and
Dunnett’s post hoc test using Statistica 7 software. Survi-
vorship curves were compared with the control group
through the Mantel-Cox log rank and Grehan—Breslow—
Wilcoxon tests (GraphPad Prism 6 software). Pearson’s
correlation coefficients were determined for fecundity (my)
versus caloric content and macromolecules concentration
in produced progeny. Significant differences were estab-
lished when P < 0.05.

Results
Cypermethrin values for the 48-h ECsy, and EC,; for

D. schoedleri neonates were calculated through Probit
analysis (Stephan 1977). The calculated ECs, was in
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average 600 ng L™ with a 95 % confidence interval (CI)
from 520 to 680 ng Lfl, whereas the EC; value was
54 ng L! (CI = 42-65 ng Lfl); EC, was used as crite-
rion to choose the sublethal concentrations here studied.

Figure 1 shows the survivorship curves observed for
CYP-exposed D. schoedleri. Survival decreased as CYP
concentrations increased, reaching mortalities up to 96 %
with the highest CYP concentration. At the end of exper-
iments (21-days), survivorship in 5.4 and 0.54 ng L™'
treatments was intermediate between that observed in
controls (around 85 %) and that determined for the most
affected group (4 % of survival), with values of 32 and
52 %, respectively. Survival curves were compared by
Mantel-Cox statistical test; with respect to control group,
significant reduced survival was determined for D.
schoedleri exposed to all tested CYP concentrations
(P <0.01 for 0.54 and 5.4 ng L_l, and P < 0.001 for
54 ng L7h.

The main demographic parameters obtained with the life
table analysis are shown in Fig. 2. As a general trend, all
population parameters were significantly reduced by CYP
exposure (P < 0.05). The average life span (ALS) was
statistically reduced at the two highest CYP concentrations
(Fig. 2a). Life expectancy at birth (e,) decreased with
increasing toxicant concentrations, revealing a significant
reduction in the two highest concentrations (Fig. 2b).
Because experiments were capped at 21 days, values for
ALS and e, determined for controls are close to this
maximum period of observation, but these demographic
parameters could be somewhat different, taking into
account that the normal lifespan of this cladoceran is larger
than 21 days; nevertheless, they are valid for comparison
among results here obtained for CYP-exposed individuals.
The net reproductive rate (R,) (the average offspring

1.0 il;—l—l—l-l-l-l-.-l-

0.8 +++ :ziixii*til
go.s +++++++ *++ *+
05, 0.4 ** + +{ +

R

0 5 ;Oge (days)15 20

Fig. 1 Survival curves for Daphnia schoedleri exposed to different
concentrations of o-cypermethrin; average values (n =15) and
standard error bars are shown. Significant differences were estab-
lished by **(P < 0.01), and ***(P < 0.001)
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produced by an average female during her life cycle, in this
case during the observed period of time) was significantly
reduced in all treatments exposed to CYP; reduced fecun-
dity in DMSO-exposed organisms was not significant with
respect to control without solvent (Fig. 2c). Generation
time (G) (the average time between the birth of parents and
the birth of their offspring) was significantly decreased
with the two highest CYP concentrations (P < 0.05)
(Fig. 2d), but this could be an artifact because the Life
Table analysis was partial. Finally, the intrinsic rate of
population increase (r) was significantly reduced only at
54 ng L™' (P < 0.001), showing no differences between
the other treatments and the control.

Figure 3 shows the adult daphnids macromolecules and
caloric content. As observed, no significant differences
were established between the different treatments and the
control group. No datum is available for the EC,
(54 ng L™") CYP group since the resultant survivorship at
day 21 was 4 %; thereafter, the amount of cladocerans’
biomass for the quantification of macromolecules was
insufficient.

Figure 4 shows fecundity values (my) for D. schoedleri
in the different exposure conditions; graphs here included
show the variation in fecundity along the observed period.
Trends are similar for the two lower CYP values, with
respect to control, but for the highest concentration
(equivalent to the EC;), lower fecundity and a clear
reduction in reproduction were observed at the end of the
exposure time.

Regarding macromolecules content determined in the
progeny produced with the different treatments shown in
Fig. 5, no clear, distinguishable pattern was recognized,
probably due to changes during the reproductive period,
likely related with the clutch size. Although there were
some offspring groups that significantly varied from the
control (P < 0.05), the group that differed the most was
that exposed to the highest CYP concentration tested; in
such a group, the macromolecules and energy contents
were frequently higher than in the controls. Comparatively
with the CYP-exposed groups, variation in the controls lied
within a narrower range.

The peaks observed in neonates’ caloric content corre-
spond to low reproductive outcome of CYP-exposed daph-
nids, whereas the reduction in energy content, observed with
the highest CYP concentration, was related to high repro-
ductive rate at that maternal age. Two-way ANOVA dem-
onstrated significant differences elicited for both the age of
the mothers and the CYP concentration regarding all mac-
romolecules and the caloric content as well; although no
pattern could be clearly established for the daily variations
recorded, CYP concentration accounted for most of the
observed effects. The Dunnett’s comparison with respect to
the control group evidenced that for most of the daily
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Fig. 2 Results of Life Table Analysis for Daphnia schoedleri
exposed to different concentrations of o-cypermethrin; average
values (n = 5) and standard error bars are shown. Data were

determinations, macromolecule concentrations and caloric
content were higher for neonates released from mothers
exposed to the highest CYP concentration (equivalent to the
EC,), being the difference highly significant (P < 0.001)
with respect to the control.

Pearson’s correlation coefficients demonstrated that
macromolecules content as well as caloric content in

989
b
(b)
0 —
2 15
1]
E * ok k
< 10
5
0
S o < o> >
& & o
< -1
a-cypermethrin (ng L )
(d) 2
15 m— * *
°
)
o 10
O
5
0
> o) > ™ ™
& @ @ * )
& N ©

a-cypermethrin (ng )

compared through one-way ANOVA and Dunnet’s post hoc test.
Significant differences were established by *(P < 0.05), and
*#%(P < 0.001)

neonates were negatively correlated with fecundity (im,), as
observed in Table 1. In consequence, as m, values
increased, protein, lipids, carbohydrates, and caloric con-
tent per neonate decreased.

Table 2 shows the lowest tested concentration at which
significant effects were observed (LOEC), the non-
observed effect concentration (NOEC), and the maximum
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Fig. 3 Average values (n = 3) and standard error bars for protein, carbohydrates, lipids, and caloric content of Daphnia schoedleri adults after
21-day exposure to a-cypermethrin. Data were compared through one-way ANOVA. No significant differences were found

allowable toxic concentration (MATC) for CYP-exposed
D. schoedleri; these values were established after post hoc
comparison were carried out, and significant difference
with respect to the control were determined. MATC was
calculated as the geometric mean of LOEC and NOEC.
Table 2 also shows the acute to sub-chronic ratio (calcu-
lated as the ratio of the a-CYP 48-h ECs, divided by the
LOEC) and the corresponding TU needed to produce the
effect on that endpoint. The values of NOEC and MATC
for [, and R, are expressed as intervals, because the lowest
tested concentration caused significant differences
(P < 0.05), with respect to the control group. Comparison
of these data revealed that the less sensitive responses were
r and the caloric content in both neonates and adults, by
presenting the highest NOEC, MATC, and LOEC values.
On the other hand, the most susceptible responses were I
and Ry which presented NOEC values under the CYP
concentrations tested, since even the lowest assayed
(0.54 ng L™") caused significant reduction on these
demographic parameters.
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Discussion

Notwithstanding all the here tested CYP concentrations
could be considered safe, because they were established
from the EC; and below (including this as the highest
tested value), most of the assessed endpoints evidenced
toxic effects indeed. Results of the acute toxicity tests with
D. schoedleri exposed to CYP cannot easily be compared
to other reported values (ECsg) because all experiments in
this study were conducted at a higher temperature (25 °C),
since this condition prevails in subtropical environments. It
has been described that pyrethroids toxicity can vary
depending on the temperature at which exposures occur
(Ratushnyak et al. 2005). Nevertheless, lethal effects on D.
magna have been observed at concentrations as low as
0.0006 pg L™' (1.44127 x 107" M) (Kim et al. 2008),
and also at relatively higher concentrations such as
481 mg L™" (1.15542 x 107> M) (Sheng et al. 2004).
The present study revealed that survivorship was signifi-
cantly affected at all pyrethroid tested concentrations since
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the beginning of the test (Fig. 1). These findings can be Pyrethroids are known to affect the nervous system by
considered of high relevance because reduction of survival  altering the activity of ATPases (Begum 2009) and sodium
was documented at concentrations that occur in contami-  gates in the nervous system (among others) in insects
nated water bodies (Marino and Ronco 2005). (Breckenridge et al. 2009); Friberg-Jensen et al. (2010)
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Table 1 Pearson’s correlation coefficients for the concentration of macromolecules and caloric content in progeny, and the fecundity (m,) values
recorded daily in Daphnia schoedleri exposed to sublethal a-cypermethrin (CYP) concentrations during 21 days

Control C + DMSO 0.54 ng L™ 54ng L™} 54 ng L™
Protein —0.81 —-0.47 —0.59 —-0.40 —0.63
Lipids —0.86 —0.65 —0.60 —0.54 —0.66
Carbohydrates —0.80 —0.55 —0.55 —0.45 —0.68
Caloric content —-0.82 —0.56 —0.58 —0.46 —0.64

Table 2 Effect of a-cypermethrin exposure at sub- and supra-individual levels on D. schoedleri. The lowest NOEC, MATC, and LOEC values

were used to designate the most susceptible responses (*)

Endpoint NOEC (ng L™ MATC (ng L™ LOEC (ng L™") Acute/subchronic TU
toxicity ratio

Survival* 0 < NOEC < 0.54 0 < MATC < 0.54 0.54 1111.11 0.0009
Average lifespan 0.54 1.71 54 111.11 0.0090
Life expectancy at birth 0.54 1.71 54 111.11 0.0090
Net reproductive rate™ 0 < NOEC < 0.54 0 < MATC < 0.54 0.54 1111.11 0.0009
Generation time 0.54 1.71 54 111.11 0.0090
Intrinsic rate of population increase 54 17.08 54 11.11 0.0900
Adult daphnids energy content NS NS NS NS NS

Neonates energy content 54 17.08 54 11.11 0.0900

NOEC Non-observed effects concentration, LOEC lowest concentration at which effects were observed, MATC Maximum allowable toxic
concentration, calculated as the geometric mean of NOEC and LOEC, NS No significant differences with respect to controls (P < 0.05)

documented that impairment of thoracic appendices
movement with the consequent reduction in food intake is
likely to occur in cladocerans. Reduced food consumption
leads to less energy income that could be followed by
fecundity decline, and by a rise in mortality, even if food
supply is not limited. For other pesticides, diminution in
filtration and ingestion rate has been reported, besides the
subsequent reduction in energy reserves in organisms
exposed at concentrations as low as 1/1,000 of the
respective ECsq (Sancho et al. 2009; Villarroel et al. 2009).
Assuming this as a possible effect produced in CYP-
exposed cladocerans, failure in obtaining energy (through
food intake) and its consequences in daphnids’ metabolism
(increase of energy demand) could partially explain the
decrement in /; observed in the present study.

It has been described that adult females cannot allocate
as much energy to maintenance and reproduction to the
same extent when detoxification processes occur that
consume most of the available resources (Arzate-Cardenas
and Martinez-Jerénimo 2012). Kim et al. (2008) reported
that fecundity and net reproductive rate are susceptible to
be diminished in stressed cladocerans, as occurred with
Daphnia magna exposed to CYP at 0.002, 0.02, and
0.2 ng L™! for 21-days.

In the present study, D. schoedleri exhibited decreased
reproduction at CYP concentrations as low as 0.54 ng L™",
which also affected their survival. In this case, a trade-off
was expected to be observed, in which fecundity could be

@ Springer

relegated in order to allocate more energetic resources
(available through food ingestion and assimilation) to
maintenance (survivorship). Nevertheless, obtained results
permit to assume that D. schoedleri would have allocated
its energy resources to both processes (reproduction and
maintenance) instead of generating a trade-off between
them, which led to the reduction in both demographic
responses (fecundity and survival).

As seen in Fig. 3, D. schoedleri generation time was
decreased with the two highest CYP concentrations herein
tested. Nevertheless, this parameter was expected to
increase because of delayed age at first reproduction and
lengthening of the interbreeding time, effects that have
been documented in organisms exposed to environmentally
concerning toxicants (Martinez-Jerénimo and Martinez-
Jer6nimo 2007). Contrarily, these daphnids could have
shortened their intermolt and interbreeding times and
decreased their clutch size as a strategy to guarantee their
persistence, by reducing fecundity but increasing fre-
quency, which could explain why the generation time in
stressed D. schoedleri (by CYP exposure) was shorter than
in controls.

The intrinsic rate of population increase seems not to be a
good indicator of toxic effects in this study, as it was not
significantly modified in CYP-exposed D. schoedleri. Kim
et al. (2008) observed similar results for CYP and D. magna,
where increased mortality and decreased fecundity were
documented, but the life table analysis did not reflect effects
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on the intrinsic rate of population increase; this demographic
parameter has been also referred by Villarroel et al. (2009) as
a nonsensitive population parameter in comparison to BMs.
In C. dubia exposed to CYP, 8-day growth was a more
sensitive endpoint than survival and reproduction (Shen et al.
2012). Nevertheless, the sensitivity of r as a demographic
endpoint should not be discarded as it represents the differ-
ence between the instantaneous rates of birth and death in the
population, two important population parameters susceptible
to be modified under environmental stress conditions. It
could be expected that under different stress-causing con-
ditions, r could reflect better negative effects at the popula-
tion level.

Regarding effects on energy resources, Arzate-Cardenas
and Martinez-Jer6nimo (2012) reported a decreasing pat-
tern of available energy in chronically chromium-exposed
D. schoedleri, which was concentration dependent. Fur-
thermore, it has been reported that CYP is able to affect
appendices and oral apparatus movements in D. magna at
low concentrations, which leads to lower feeding capacity
(lower food and energy intake) (Friberg-Jensen et al.
2010); nevertheless, after 21 days no significant differ-
ences were observed in CYP-exposed adult daphnids with
respect to the control in the present study.

According to McCauley et al. (1990) and Bradley et al.
(1991) models, energy resources in cladocerans should be
allocated first to maintenance, and once this demand is
satisfied, energy can be reallocated to reproduction. Under
stressful conditions, a trade-off between these two
responses can be seen. Thus, offspring would be provided
with enough energy resources to cope with the stressful
conditions in which they would be released. This is a
strategy followed by some organisms in order to warrant
population persistence. Daphnids can follow both of these
models depending on the environmental conditions, and
their reproduction is susceptible to be modified by age,
during their life time (Glazier and Calow 1992), which
could explain the variation in the energy content in D.
schoedleri offspring seen in Fig. 5. In addition, Arzate-
Cardenas and Martinez-Jer6nimo (2012) reported that
toxicant exposure can induce adult females to improve
their offspring odds in stress conditions by increasing their
energy reserves, generating a trade-off from quantity to
quality (fewer neonates with higher energy reserves).

It is a generalized notion that as clutch size grows in
number, the energy content per individual is less in com-
parison to clutches constituted by fewer neonates. In this
case, there are minimums and maximums in the energy
content of D. schoedleri offspring, which are related to the
maximum and minimum fecundity (m,) values, respec-
tively (Figs. 4, 5).

Life table analyses are useful to assess the effect of
different toxic pollutants on cladocerans but exposure time

should be extended to include most of the life cycle. On the
other hand, caloric content (result of protein, lipids, and
carbohydrates in tissues) has been selected as a general
physiological status BM, because it is susceptible to be
modified by several environmental factors, including tox-
icant exposure (Sancho et al. 2009). BMs are referred as
more sensitive endpoints than population parameters (Vil-
larroel et al. 2009), but inference of effects at population
level is required.

The use of BMs is intended to shorten the exposure
period and provide information that could be relevant at
higher levels of biological organization, from individuals to
populations. Sub-individual responses offer the possibility
to infer long-term effects by evaluating short-term expo-
sure endpoints. However, studies that report correlations
between BMs and demographic parameters do not take into
consideration how sub-individual responses can be modi-
fied by the organisms’ age. For example, De Coen and
Janssen (1997) described that cellular energy allocation
(CEA) of D. magna neonates and demographic parameters
such as the intrinsic rate of population increase, r, showed a
good correlation. Furthermore, CEA has been applied in
organisms different from daphnids and has shown that
energy budgets are good predictors for long-term effects at
higher biological levels (Smolders et al. 2004). Nonethe-
less, the results herein presented showed that caloric con-
tent cannot be always considered as the most sensitive BM,
since there was no modification in adult daphnids energy
reserves, and the energy that was allocated to neonates was
significantly increased only at the highest CYP concen-
tration assayed (54 ng L™"). Some demographic parame-
ters could be more sensitive than BMs such as the caloric
content, but this may not be generalized for all toxicants
since toxic effects will depend on their physicochemical
properties, besides the organisms’ physiological condition,
which can be modified during the life cycle, as shown in
the results herein presented.

Conclusions

CYP produced significant toxic effects in D. schoedleri
even at concentrations low enough to be be considered safe
for aquatic biota; the main effect was observed on survival,
fecundity, and average lifespan. As a general trend, all
demographic parameters were significantly reduced by
CYP exposure (P < 0.05); these results evidence the high
sensitivity of this cladoceran to this insecticide, and warn
about possible toxic effects in natural environments
reached by CYP remnants. Although there are reports that
confirm energy content decrease in Daphnia exposed to
different sorts of toxicants, and that neonates susceptibility
is not altered by maternal age, our results point out that
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generalizations should be carefully established because of
natural variability on how energy is allocated by cladoc-
erans. In particular, reproduction was affected by CYP
concentration, and the produced neonates showed negative
correlation with macromolecules concentration and caloric
content; this means that neonates in large clutch sizes had
lower caloric content. The endpoints here assessed at both
studied levels showed different sensitivity, but they can be
regarded as complementary. Although BMs offer the pos-
sibility to shorten exposure time and rapidly assess effects,
their results should be accompanied by demographic
information obtained from (sub) chronic bioassays that
support the former results, as the toxic effect can be under-
or over-estimated, depending on the selected endpoint.
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