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a b s t r a c t

Daphnia magna was exposed to waterborne uranium (U) at concentrations ranging from 10 to 75 �g L−1

over three successive generations (F0, F1 and F2). Progeny was either exposed to the same concentration
as mothers to test whether susceptibility to this radioelement might vary across generations or returned
to a clean medium to examine their capacity to recover after parental exposure.

Maximum body burdens of 17, 32 and 54 ng U daphnid−1 were measured in the different exposure
conditions and converted to corresponding internal alpha dose rates. Low values of 5, 12 and 20 �Gy h−1

suggested that radiotoxicity was negligible compared to chemotoxicity. An increasing sensitivity to toxi-
city was shown across exposed generations with significant effects observed on life history traits and
physiology as low as 10 �g L−1 and a capacity to recover partially in a clean medium after parental
exposure to ≤25 �g L−1.

Using a 14C-labelled food technique, the study showed that uranium affected carbon assimilation in
F0 at concentrations of 25 and 75 �g L−1 (34 and 80% reduction respectively) and as low as 10 �g L−1 in
F1 and F2 (40 and 36% reduction respectively). Consequences were strong for both somatic growth and
reproduction and increased in severity across generations. Maximum size was reduced by 12% at 75 �g L−1

−1
in F0 and 23% at 25 �g L in F2. Reduction in 21-day fecundity ranged from 27 to 48% respectively at
25 and 75 �g L−1 in F0 and from 43 to 71% respectively at 10 and 25 �g L−1 in F2. Growth retardation
caused a delay in deposition of first brood of 1.3 days at 75 �g L−1 in F0, of 1.9 days at 25 �g L−1 in F1 and
of 5 days at 25 �g L−1 in F2. Differences in respiration rates and egg dry mass between the control and
exposed daphnids were mainly an indirect result of uranium effect on body size.

The observed increase in toxic effects across generations indicated the necessity of carrying out multi-
envi
generation tests to assess

. Introduction

Uranium (U), a naturally occurring radioactive metal, is present
n freshwaters at trace concentrations from 0.02 to 6 �g L−1 and

ay increase up to 2 mg L−1 in the vicinity of uraniferous sites
Bonin and Blanc, 2001; WHO, 2001). Anthropogenic activities
ainly associated with the use of uranium as nuclear fuel (uranium
ining, milling and refining as well as spent fuel reprocess-

ng) contribute to uranium redistribution in freshwaters and may
ause water concentrations to exceed background concentrations

∗ Corresponding author. Fax: +33 4 42 19 91 43.
E-mail address: frederic.alonzo@irsn.fr (F. Alonzo).
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(Ragnarsdottir and Charlet, 2000). As a consequence, uranium has
become of increasing concern for biota protection over the past
decades (Environment Canada, 2003; Sheppard et al., 2005). In fact,
natural uranium causes both a chemical and radiological hazard
to aquatic ecosystems, because of its toxicity as a metal and as a
mixture of three alpha-emitting radioisotopes along with their pro-
genies (234U, 235U and 238U, in relative abundance of 0.005, 0.720
and 99.275%; Weigel, 1986).

To address these hazards, toxicity of uranium has been inten-

sively studied in a wide range of freshwater species, including
benthic and pelagic invertebrates as well as fish. Reported effects
have covered many different endpoints which concern levels of bio-
logical organisation from subcellular damages to perturbations in
physiology and life history of organisms: reduced hepatic antiox-

dx.doi.org/10.1016/j.aquatox.2010.05.006
http://www.sciencedirect.com/science/journal/0166445X
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dant activities and increased levels of neurotoxicity biomarker in
he zebrafish, Danio rerio, after 20 days of waterborne exposure to
00 �g U L−1 (Barillet et al., 2007); at an organism level in D. rerio,

ncrease in mortality and a reduction in hatching success and lar-
al growth at 250 �g U L−1 (Bourrachot et al., 2008); reduced larval
urvival, development time and growth in benthic insect Chirono-
us riparius, after 10 days at 3 �g U g−1 dry wt sediment (Dias et al.,

008). Toxicity data in cladocerans concern mainly acute exposure
hereas studies on chronic toxicity remain scarce. Both acute and

hronic toxicities vary among tested species (Semaan et al., 2001;
ickett et al., 1993; Kuhne et al., 2002) and have been shown to
epend strongly on water conditions (Trapp, 1986; Bywater et al.,
991; Barata et al., 1999; Semaan et al., 2001; Kuhne et al., 2002).
lkalinity, hardness and pH modify uranium speciation, changing
oncentrations of free uranyl ion and inorganic uranium complexes
e.g., carbonate complexes) and allowing potential competition for
iotic ligands with other cations such as calcium and magnesium
Markich, 2002). In Daphnia magna, water concentrations causing
0%-lethality at 48 h range from 0.39 to 51.9 mg U L−1 and 50%-
ffect on 21-day reproduction has been reported to vary from 91
o 520 �g U L−1 (Poston et al., 1984; Barata et al., 1998; Zeman et
l., 2008). Differences in uranium toxicity resulted from changes in
ranium bioavailability because water parameters varied among
tudies (Sheppard et al., 2005; Zeman et al., 2008).

Consequences of toxicity of uranium for the population demog-
aphy were not evaluated although higher levels of organisation
re ecologically more relevant than the organism level. Several con-
epts, such as the Scope for Growth (SFG) and the Dynamic Energy
udget (DEB) theory have been used to link effects at the individual

evel with population level effects (Widdows and Johnson, 1988;
ooijman, 2000). These approaches assume that toxic exposure
ight cause perturbations in nutrition and/or induce compen-

atory processes which are energetically costly (Calow and Sibly,
990). Decrease in energy acquisition and/or increase in metabolic
osts associated with toxicity come at the expense of growth and
eproduction, which are fundamental processes for population
ynamics. Zeman et al. (2008) addressed effects on various compo-
ents of energy budget in daphnids exposed to uranium for 21 days
t a controlled pH of 7 to enhance uranium bioavailability. Pertur-
ations in physiological processes were reported at 25 �g L−1 with
trong consequences for SFG, body mass and fecundity. Observed
amages in intestinal epithelium at 50 �g L−1 indicated assimila-
ion inhibition as a possible mode of action (Zeman, 2008).

Assessing population responses to pollutants requires examin-
ng toxic effects on a long-term basis, as a population might be
xposed for a period of time which exceeds individual lifespan. This
ssue is of major importance because biological effects have been
hown to differ from a generation to the next during exposure to
he radionuclide 241Americium (Am-241) and other metals (Bodar
t al., 1990; Muyssen and Janssen, 2004; Pane et al., 2004; Guan
nd Wang, 2006; Alonzo et al., 2008). Multigenerational differences
etween parent and progeny included increase in sensitivity (as a
esult of toxicant transfer from mothers to offspring and/or expo-
ure during early stages of development) and increase in tolerance
o toxicants (on a longer term basis by adaptive responses). As
bserved for Am-241, an increase in sensitivity of offspring to ura-
ium was strongly suggested by the observed reduction in egg mass
bove 25 �g L−1 (Zeman et al., 2008). This hypothesis remained to
e investigated as effects of uranium were studied over one gener-
tion only.

In this study, D. magna was exposed to waterborne uranium at

oncentrations ranging from 10 to 75 �g U L−1 over three succes-
ive generations. The objectives were to examine: (1) how chronic
ranium exposure might affect food assimilation; (2) whether
ranium toxicity for D. magna might differ between generations.
imultaneously, recovery from uranium stress was investigated
ology 99 (2010) 309–319

in offspring returned to a clean medium after parental expo-
sure.

2. Materials and methods

2.1. Culture conditions

D. magna cultures were maintained in laboratory for several
years in continuous parthenogenetic reproduction following OECD
guideline 211 (1998). Daphnids were cultivated in freshwater arti-
ficial medium M4 (Elendt and Bias, 1990) at pH 7 over several
generations so as to increase uranium bioavailability during ura-
nium tests (Zeman et al., 2008). A pH of 7 was obtained with
a modification in Cl concentration and maintained by renew-
ing medium twice a week. Daphnids were reared at a density
of 1 animal per 50 mL in 2-L bottles at 20 ± 1 ◦C under a 16:8-
h light:dark photoperiod and a light intensity of 30 �E m−2 s−1.
Axenic cultures of unicellular green algae Chlamydomonas rein-
hardtii were grown at 24 ◦C in high salt medium (HSM, Harris,
1989) under fluorescent light with gentle shaking. Algal cultures
were centrifuged, resuspended in M4-pH7 and fed to daphnids at
a concentration of 80,000 cells mL−1 equivalent of a daily ration of
100 �g C daphnid−1. Culture conditions met the OECD requirement
of >60 neonates produced per adult over 21 days.

2.2. Exposure conditions

Uranium was obtained from Sigma–Aldrich (Saint-Quentin
Fallavier, France) as uranyl nitrate hexahydrate (UO2(NO3)2, 6H2O)
and stored as a stock solution of 1 g L−1 in 0.2% HNO3. Daphnids
were exposed in polycarbonate bottles at a pH of 7 to four differ-
ent conditions, including three nominal U concentrations of 10, 25
and 75 �g L−1 and an unexposed control. In all conditions, NaNO3
concentration was adjusted to 3.2 �M (without consequence for
survival in the control) so as to eliminate differences in NO3

−

concentration associated with uranium spikes. The tested concen-
tration range was selected in agreement with an EC10 of 14 �g U L−1

and an EC50 of 91 �g U L−1 for 21-day reproduction reported in
M4-pH7 (Zeman et al., 2008).

Test and control media were renewed every day before
food addition. Animals were fed daily with C. reinhardtii
(80,000 cells mL−1) at a ration of 100 �g C daphnid−1. Bottles were
changed every week to limit U adsorption on bottle walls. Sam-
ples of freshly renewed medium were collected on a daily basis.
Samples of medium after daphnid exposure were collected twice
a week and filtrated on 2-�m membranes. All water samples were
stored at 4 ◦C in darkness until U and ion analyses. Uranium con-
centrations in freshly renewed medium remained within 10% of
nominal concentrations. Decrease in uranium concentration after
24 h exposure never exceeded 30% of nominal concentrations.

2.3. Experimental design

All generations were started with neonates of the brood 5
(within 24 h of release). Offspring were either exposed to the same
concentration as their parent (Experiment A: Exposure of genera-
tions F0, F1 and F2) or returned to a clean medium to asses their
capacity to recover from a parental exposure (Experiment B: Recov-
ery of generations F′1 and F′2).

(A) Exposure experiment (generations F0, F1 and F2): Each treat-

ment was composed of six 1-L bottles containing 20 neonates. Three
bottles were used to monitor daily survival and neonate production
for 23 days. The three remaining bottles were used to measure res-
piration rate, body length and dry mass, brood size and dry mass
and uranium bioaccumulation in daphnid tissues and eggs upon
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eposition of broods 1, 3 and 5. Ingestion and assimilation rates
ere measured upon deposition of broods 1 and 5.

(B) Recovery experiment (generations F′1 and F′2): Each treatment
as composed of five 500-mL bottles containing 10 neonates. Three

ottles were used to monitor daily survival and neonate production
or 23 days. The two remaining bottles were used to measure body
ength and dry mass, brood size and dry mass upon deposition of
roods 1, 3 and 5.

.4. Ingestion and carbon assimilation rates

In generations F0, F1 and F2, ingestion and carbon assimilation
ates were measured in adult daphnids upon deposition of broods
and 5 using the radiocarbon method described by Peters (1984)

nd Lampert (1987).
Radiolabelled algae were prepared by incubating 300 mL of log

hase culture with 925 Bq mL−1 NaH14CO3 in a closed flask for 2
ays. Algae were centrifuged and washed three times with M4-pH7
o remove traces of radioactivity in the solution. 14C-labelled algae
ere adjusted to a concentration of 80,000 cells mL−1 in M4-pH7

f each uranium concentration. Triplicate samples of 5 mL were
ollected and filtered on acetate cellulose membranes (0.2 �m) in
rder to measure radioactivity in algae.

Six polycarbonate vials per exposure condition, each contain-
ng five daphnids in 70 mL of radiolabelled food, were placed on a
lankton wheel (1 rpm). Daphnids were allowed to feed on labelled
lgae for 30 min only, to prevent losses of 14C by defecation (Peters,
984). Then, daphnids were rinsed and half were collected to mea-
ure ingestion rate, whereas the second half were transferred into
ials filled with 70 mL of unlabelled food at respective uranium
oncentration. Daphnids were placed onto the plankton wheel for
additional hours, then rinsed and used to measure carbon assim-

lation.
Daphnid and membrane samples were placed individually in

cintillation vials with 1 mL of tissue solubiliser (Soluene 350,
erkinElmer, Boston, USA) and incubated overnight at 55 ◦C. After
olubilisation, 19 mL of scintillation cocktail (Ultima Gold XR,
erkinElmer, Boston, USA) were added and radioactivity of 14C
as measured with a liquid scintillation counter (Quantulus 1220,
allac–PerkinElmer, Finland; detection limit: 30 mBq). Carbon

ngestion rate (�g C h−1 daphnid−1) was calculated by the following
quation:

= A1daphnid

Aalgae × �t

here A1daphnid was the activity in daphnids (Bq daphnid−1) after
0 min, Aalgae was the specific activity in algae (Bq �g−1 C) and
t = 0.5 h of incubation time.
During the 3 h-incubation, a fraction of the newly assimi-

ated food was turned over and respired as 14CO2. This fraction
as taken into account by measuring dissolved 14CO2 in sam-
les of filtered medium from each vial (0.2 �m acetate cellulose
embrane) following Bohrer and Lampert (1988). A first 8-mL

ubsample was transferred into a scintillation vial containing one
rop of 10 M NaOH. Another 8-mL subsample was acidified with
ne drop of concentrated HNO3 and aerated for 10 min to remove
O2. Both vials were added with 12 mL of scintillation cocktail and
ounted by liquid scintillation analysis. The difference in radioac-
ivity between the acidified and alkaline subsamples was attributed

14
o CO2 (Bohrer and Lampert, 1988). Carbon assimilation rate
�g C h−1 daphnid−1) was calculated by the following equation:

= A2daphnid + ACO2

Aalgae × �t
ology 99 (2010) 309–319 311

where A2daphnid was the activity in daphnids (Bq daphnid−1) after
3 h, ACO2 was the “respired” fraction of activity (Bq daphnid−1) after
3 h, Aalgae was the specific activity in algae (Bq �g−1 C) and �t = 0.5 h
of incubation time. Assimilation efficiency AE (dimensionless) was
calculated as: AE = A/I.

2.5. Respiration rate

On deposition of broods 1, 3 and 5, three daphnids per condi-
tion were placed individually into respiration chambers containing
1 mL of the test medium, maintained at 20 ◦C. The decrease in oxy-
gen partial pressure associated with respiration was recorded for
40–60 min using the Unisense microrespiration system (Unisense
S/A, Arhus, Denmark). Sensor signal was calibrated using vig-
orously bubbled clean medium (100% of O2-saturation) and a
solution of sodium ascorbate (0.1 M) in NaOH (0.1 M) (0% of
O2-saturation). The percentage saturation was converted into oxy-
gen concentration using an equilibrium concentration in water
of 282.3 �mol O2 L−1 (20 ◦C, 1 atm). Oxygen consumption rates R
(�mol O2 daphnid−1 h−1) were calculated as:

R = [O2]0 × (1 − exp−k×�t) × V

�t

where [O2]0 was the oxygen concentration (�mol L−1) measured
at t = 0, V the volume (L) of medium in the respiration chamber,
�t = 1 h and k was the consumption coefficient (h−1) obtained
by fitting exponential models to observed oxygen concentrations:
[O2]t = [O2]0 × exp−k×t .

2.6. Body length and dry mass

Body length and dry mass were measured in each condition in
neonates (<24 h) upon start of a new generation and in adult daph-
nids within 24 h of deposition of broods 1, 3 and 5. Five replicate
samples composed of 5–8 neonates or individual adults (including
those used for respirometry in F0, F1 and F2) were also collected.
Samples were rinsed with ultra-pure water and body length was
measured from the apex of the helmet to the base of the tail
spine under a binocular microscope equipped with a micrometer. In
adults, eggs were carefully dissected out from the brood pouch and
counted. Neonates, dissected females and pooled eggs were trans-
ferred into pre-weighed aluminium pans. Samples were dried for
24 h at 55 ◦C, cooled in a desiccator and weighed immediately with
an SE2 ultra-microbalance (Sartorius AG, Göttingen, Germany) at a
precision of 0.1 �g.

2.7. Uranium and major ion analyses

Water samples were acidified with 0.2 mL HNO3 (69%) prior to
the quantification of U and major cations by inductively coupled
plasma-atomic emission spectrometry (ICP-AES Optima 4300DV,
PerkinElmer, Welleslay, MA, USA; detection limit of 10 �g L−1 and
0.5 mg L−1 for U and cations respectively). Major anions were quan-
tified by ion chromatography (ILC DX-120, Dionex, detection limit
of 50 �g L−1).

Dry daphnid, egg and neonate samples were mineralized on

sand bath (90 ◦C) until evaporation in 1 mL of HNO3 (69%) and
1 mL of H2O2 (30%) successively. Mineralised samples were taken
in 10 mL of HNO3 ultra pure 2% (v/v) and diluted before analysis by
inductively coupled plasma-mass spectrometry (ICP-MS 7500Cx,
Agilent Technologies, Tokyo, Japan; detection limit ∼ 0.11 ng U L−1).
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Table 1
List of equations and parameters used to describe daphnid physiology and life history in agreement with the DEB theory (Kooijman, 2000; Kooijman and Bedaux, 1996).

States variables (units) Equations Parameters, definitions (units)

Body length (mm) BLt = BLm − (BLm − BLb) · exp(−� · t) (1) BLm , Maximum body length (mm); BLb , body
length at birth (mm); � , von Bertalanffy
growth rate (d−1)

Body dry mass (�g) BWt = ı · BL3
t (2) ı form coefficient (�g DW mm−3)

Ingestion rate (�g C daphnid−1 h−1) It = ˛ · BL2
t (3) BLt , Body length at time t (mm); ˛, surface

specific ingestion rate (�g C mm−2 h−1)

Assimilation rate (�g C daphnid−1 h−1) At = ε · BL2
t (4) ε, Surface specific assimilation rate

(�g C mm−2 h−1)

Respiration rate (�g O2 daphnid−1 h−1) Mt = r1 · BL2
t + r2 · BL3

t (5) r1, Surface specific respiration rate
(�g O2 mm−2 h−1); r2, volume specific
respiration rate (�g O2 mm−3 h−1)

Egg dry mass (�g) EWt = ˇ · BLt + ω (6) ˇ (�g DW mm−1), ω (�g DW), slope and
intercept of the linear regression

−1 d k1
(

k2
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Internal [U] in daphnid (ng U �L )
dt

Ct = Cext ·
BLt

− Ct ·

.8. Bioaccumulation and calculation of dose rates

Uranium was considered to be homogenously distributed in
aphnid tissues. Internal uranium concentration Ct (ng U �L−1) was
alculated as:

t = Qt

Vt

here Qt is the amount of bioaccumulated uranium measured per
aphnid (ng U daphnid−1) and Vt = 0.04�. BL3

t is the estimated body
olume (�L) assuming an ellipsoid shape with constant axial ratio
f 1:0.6:0.4 (Alonzo et al., 2008).

Bioaccumulation factor (BAF) was defined at equilibrium as
he amount of uranium in daphnids (�g kg−1 fresh weight, here-
fter “fw”; calculated assuming that daphnid dry weight represents
0% of fresh weight) relative to the concentration in the medium
�g L−1). Values at equilibrium were calculated, using the coeffi-
ients k1 and k2 of the fitted biokinetic model (Table 1).

Grams of U were converted to activities (Bq) based on depleted
ranium specific activity of 1.43 × 104 Bq g−1 U measured in the
tock solution. Delivered dose rates DR (mGy h−1) were obtained
rom the following equation:

R =
∑

i

DCCi · [activity]i

here DCCi (mGy h−1 Bq−1 mL) are dose conversion coefficients
alculated for uranium in the medium and in daphnid tissues

Table 2) by EDEN-v2 software (Beaugelin-Seiller et al., 2006),
activity]i are volume-specific activities (Bq mL−1) in daphnid tis-
ues and in the medium. Uranium daughters down to 231Thorium
ere accounted for in the dose calculations.

able 2
ose conversion coefficients (DCC) for depleted uranium in daphnid tissues and in

he medium calculated in relation to body length (mm) and used to convert volume-
pecific activities (Bq mL−1) to dose rates (mGy h−1) delivered to daphnids.

Body length (mm) DCC (mGy h−1 Bq−1 mL)

Daphnid tissues Medium

1.0 2.64 × 10−2 13.6 × 10−4

2.0 2.70 × 10−2 6.84 × 10−4

3.0 2.72 × 10−2 4.61 × 10−4

4.0 2.73 × 10−2 3.46 × 10−4

5.0 2.74 × 10−2 2.77 × 10−4
dt
ln BLt (7) Cext , External [U] (�g U L ); k1, accumulation

rate (d−1); k2, elimination rate (d−1)

2.9. Statistical analyses

Effects of uranium exposure on body length, body dry mass,
ingestion rate, assimilation rate, respiration rate, egg dry mass
and bioaccumulation were tested after accounting for the coin-
cident influence of body length and/or time (Table 1). Used
relationships conformed to the DEB theory (Kooijman, 2000). The
analytical solution of the differential equation for bioaccumula-
tion Qt was solved algebraically with Mathematica 6 (Wolfram
Research Inc., Champaign, USA). Statistical analyses were con-
ducted with the statistical computing software R (R Development
Core Team, 2006), linear and non-linear models being fitted with
routines lm and glm following the least-squares criterion. Errors
normality assumption was tested with statistics of Shapiro–Wilk,
Lilliefors, Anderson–Darling, Cramer–von Mises, Shapiro–Francia
and Jarque–Bera. Errors homoscedasticity assumption was tested
with statistics of Levene, Bartlett and Filgner–Killeen. In case of het-
eroscedasticity, sandwich covariance matrix estimators, provided
by the R package sandwich, were used for hypothesis testing of
linear models (Zeileis, 2006). Finally, multiple comparison tests
were achieved with the sequential Holm procedure (Holm, 1979),
to ensure 5% error of first kind.

3. Results

3.1. Survival

Survival of daphnids in generation F0 was not affected by ura-
nium exposure whatever the tested concentration. In F1 and F2,
daphnids exposed to 10 �g L−1 or recovering from a parental expo-
sure to this concentration exhibited a very low mortality, never
exceeding 3% after a 23-day period.

A slight mortality was also observed in F1 after 15 days at
25 �g L−1 and reaching 15% on day 23 (Fig. 1A). Comparable effects
were observed at this concentration among F′1, F2 and F′2 genera-
tions, with mortality ranging from 3 to 7% after 23 days in offspring
exposed or recovering from parental exposure.

This contrasted with generation F1 exposed to 75 �g L−1

(Fig. 1A), which showed a mortality of 52% after 4 days of exposure

and 100% on day 16. A strong mortality was similarly observed on
day 11 in F′1 offspring transferred to clean medium after a parental
exposure to 75 �g L−1 (Fig. 1B). No F2 and F′2 generations could
be studied at 75 �g L−1, in absence of reproduction in F1 at this
concentration.
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ig. 1. Daphnid survival in the successive generations exposed to uranium concent

.2. Somatic growth in length and mass

Uranium exposure induced a reduction in body length with
ncreasing concentration (Fig. 2 and Table 3). Observation sug-
ested that the effect on somatic growth in length might increase
ver generations. This reduction was significant in F0 at a con-
entration as low as 10 �g L−1 as shown by fitting von Bertalanffy
urves (Table 1—Eq. (1)). At this concentration, fits yielded a reduc-

ion in maximum length Lm of 6% compared to the control in
0 (p ≤ 0.05). This reduction in body length remained very slight,
lthough statistically significant, in F1 and F2 exposed to 10 �g L−1

s well as in F′1 and F′2 recovering from parental exposure. Growth

ig. 2. Daphnid body length (mm) in relation to age in the successive generations exp
ecovering generations (F′1 and F′2). Statistics: ***p < 0.001, **p < 0.01, *p < 0.05.
s of 0, 10, 25 and 75 �g L−1 (F1 and F2) and in recovering generations (F′1 and F′2).

inhibition was strong at 25 �g L−1 with maximum length reduced
by 9, 16 and 23% compared to the control in F0, F1 and F2 respec-
tively. At 75 �g L−1, Lm was reduced by 11% in F0 and 44% in F1
compared to the control. This strong effect was also observed in F′1,
showing that offspring returned to a clean medium did not recover
after parental exposure.

Body dry mass was strongly affected by uranium exposure
mainly as a result of the reduction in size observed with increas-

ing concentration (Fig. 3 and Table 3). Furthermore, body dry mass
as a function of body length (Table 1—Eq. (2)) significantly dif-
fered in F0 at concentrations ≥ 25 �g L−1 and in F1 at concentrations
≥10 �g L−1 compared to the control. In fact, at equal body length,

osed to uranium concentrations of 0, 10, 25 and 75 �g L−1 (F0, F1 and F2) and in
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ig. 3. Daphnid body dry mass (�g) in relation to body length (mm) in the success
2) and in recovering generations (F′1 and F′2). Statistics: ***p < 0.001, **p < 0.01.
aphnid dry mass was 22% smaller at 25 and 75 �g L−1 than in the
ontrol in both F0 and F1 and 16% smaller at 10 �g L−1 than in the
ontrol in F1. No significant difference in body dry mass between

ig. 4. Daphnid ingestion rate (�g C daphnid−1 h−1) in relation to body length (mm) in the
F0, F1 and F2). Statistics: ***p < 0.001.
erations exposed to uranium concentrations of 0, 10, 25 and 75 �g L−1 (F0, F1 and
the control and exposed daphnids was observed in F2 while off-
spring returned to a clean medium exhibited significantly greater
body mass than the control in F′2.

successive generations exposed to uranium concentrations of 0, 10, 25 and 75 �g L−1
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3.3. Ingestion, assimilation and respiration

Ingestion and assimilation rates were described as linear func-
tions of square body length (Table 1—Eqs. (3) and (4)). Because
uranium strongly affected daphnid size, increasing concentration
resulted in a strong reduction in nutrition (Fig. 4). Relationships
fitted in exposed daphnids were compared to the control in order
to take the indirect effect on size into account. Surface-specific
ingestion rates ˛ (Table 3) did not differ from the control in F0
at concentrations ≤25 �g L−1 suggesting that the reduced inges-
tion was only a consequence of the observed reduction in daphnid
size. The values of ˛ were significantly smaller than the control at a
concentration of 75 �g L−1 in F0 and at concentrations ≥10 �g L−1

in F1 and F2, suggesting that uranium directly affected ingestion,
independent of body length.

Surface specific assimilation rates ε were calculated and
showed a significant difference from the control at concentration
≥25 �g L−1 in F0 and as low as concentrations ≥10 �g L−1 in F1 and
F2. Assimilation efficiency was reduced in F0 at 25 �g L−1 (74%)
and 75 �g L−1 (57%) compared to the control (80–100%) and in F1
at deposition of brood 5, e.g., after 24 days of exposure to 10 �g L−1

(60%) and 25 �g L−1 (57%).
Respiration rates, measured in F0, F1 and F2, were described

as functions of square and cubic body length (Table 1—Eq.
(5)). Relationships fitted for exposed daphnids did not signif-
icantly differ from the control at any uranium concentration
and in any generation, due to a high individual variability. As
a consequence, the observed reduction in respiration rates with
increasing concentration (as an example in F0, from 2.77–3.69 to
2.01–2.54 �g O2 daphnid−1 h−1 respectively in the control and at
75 �g L−1 at deposition of brood 5) was mainly a result of the reduc-
tion in body size induced by uranium (in the example, from 4.0 to
3.7 mm).

3.4. Reproduction

Reproduction closely followed moulting cycles with brood
deposition occurring every 3 days in the control within a few
hours of cuticle renewal. Uranium exposure induced perturba-
tions in reproduction causing delay in brood release, reduction in
fecundity and mass invested per egg with increasing concentration
(Figs. 5 and 6).

In F0, average delays in brood release were greatest at 75 �g L−1,
ranging from 1.3 to 2.5 days at deposition of broods 1 and 4, respec-
tively. Furthermore, fecundity was reduced by 48% compared to
the control. The vast majority of daphnids exposed to 75 �g L−1 did
not reproduce in F1, possibly because daphnids did not reach the
required size for reproduction. Very few abortive eggs were pro-
duced in this condition. Delays in F0 exposed to 25 �g L−1 ranged
from 0.7 to 1.9 days at deposition of broods 1 and 4, respectively.
Delays increased over the course of generations reaching 1.9 and 5.0
days in F2 at deposition of broods 1 and 4, respectively. Fecundity
decreased in parallel over the course of generations, with reduction
in average brood size of 25 and 42% in F1 and F2, respectively. The
only effect on reproduction observed at 10 �g L−1 was a reduction
in fecundity of 20% in F2.

Dry mass invested per egg increased linearly with mother body
length. No significant difference in this relationship was observed
between the control and exposed daphnids (Fig. 6). Consequently,
the decrease in egg dry mass observed between exposure condi-
tions was a result of the decrease in size observed with increasing

uranium concentration.

Returning offspring to a clean medium improved reproduction
only after parental exposure to 25 �g L−1. This improvement mainly
concerned fecundity, with a neonate production 28% greater in
F′1 than in the control F1 and not significantly different in F′2
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ig. 5. Cumulated number of neonates produced per daphnid over four broods in r
5 and 75 �g L−1 (F0, F1 and F2) and in recovering generations (F′1 and F′2). Statisti

ompared to the control F2. Delays in brood release remained of
he same magnitude in both F′1 and F′2 as in exposed parents at

−1 −1
5 �g L . Coping with exposure to 10 �g L might have metabolic
osts which become visible only once offspring are returned to a
lean medium. In fact, delays of 1–2.3 days in brood release were
bserved after parental exposure to 10 �g L−1 although no signifi-
ant delay was detected in daphnids exposed to 10 �g L−1.

ig. 6. Dry mass per egg (�g) in relation to body length (mm) in the successive generation
n recovering generations (F′1 and F′2).
n to age in the successive generations exposed to uranium concentrations of 0, 10,
p < 0.001, **p < 0.01.

3.5. Bioaccumulation and dose rates
Uranium amounts in freshly deposited eggs were below
quantification limit of ICP-MS, in every exposure condition and gen-
eration. In agreement with the biokinetic model (Table 1—Eq. (7)),
uranium content in daphnids increased with age and with increas-
ing concentration in the medium (Fig. 7), reaching average maxima

s exposed to uranium concentrations of 0, 10, 25 and 75 �g L−1 (F0, F1 and F2) and
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ig. 7. Uranium bioaccumulation in daphnids (ng U daphnid−1) in relation to age i
F0, F1 and F2). Lines represent to fitted curves.

f 17 ± 1, 32 ± 6 and 54 ± 13 ng U daphnid−1 after 20 days of expo-
ure to 10, 25 and 75 �g L−1, respectively. However, no difference
n the amount of bioaccumulated uranium was observed between
xposures at 25 and 75 �g L−1 in F1, due to the strong inhibition
n somatic growth observed at the highest concentration in F1.
est fits (least sums of squares) were obtained with accumulation
nd elimination rates differing between exposure conditions, with
1 = 0.223 d−1 and k2 = 1.327 d−1 at concentrations ≤25 �g L−1 and
1 = 0.043 d−1 and k2 = 0.126 d−1 at 75 �g L−1 independent of the
eneration.

Bioconcentration factors based on measured burdens ranged
rom 417 to 870 L kg−1 fw at 25 �g L−1 and from 348 to 658 L kg−1 fw
t 75 �g L−1. However, measurements were not performed at equi-
ibrium. Bioaccumulation factors at equilibrium predicted from
1 and k2 reached 690 and 1410 L kg−1 fw at ≤25 and 75 �g L−1,
espectively.

Average dose rates were calculated in each exposure condi-
ion based on uranium uptake predicted by the biokinetic model,
ielding maxima of 5, 12 and 20 �Gy h−1 at 10, 25 and 75 �g L−1

espectively. Alpha particles from uranium in daphnid tissues
ontributed >99.9% to total dose rates whereas beta-and gamma-
missions from uranium in daphnids or in the water remained well
elow 0.1% of total dose rates.

. Discussion

The low penetrating power of alpha particles, which are atten-
ated by water and do not pass through exoskeletons of aquatic
rganisms (Whicker and Schultz, 1982) resulted in minimal radio-
ogical hazard of external exposure to uranium. Levels of internally
ccumulated uranium were used to calculate bioaccumulation fac-
ors (BAF) and address the associated radiological hazard (Blaylock
t al., 1993; Whicker and Schultz, 1982). Values of BAF estimated
t equilibrium were from 690 to 1410 L kg−1 fw at 25 and 75 �g L−1

ut showed some variability among sampled daphnids. BAF values
or uranium in freshwater invertebrates were recently reviewed
n the literature and ranged over five orders of magnitude (from
.6 to 60,000 L kg−1 fw) with a mean of 170 L kg−1 fw (IAEA, 2009).
nternal dose rates were evaluated based on maximal average bur-
ens observed at the different concentrations independent of the
eneration. Maximum values obtained in the different exposure
onditions ranged from 5 to 20 �Gy h−1. These values were of the
ame order of magnitude as those found by Zeman et al. (2008)

nder similar exposure conditions. In Alonzo et al. (2008), slight
eduction in growth with no effect on ingestion and fecundity
ates was observed after exposure of several generations to internal
lpha delivered by exposure to Am-241 at a 15-fold higher dose rate
300 �Gy h−1) than in the present study. Thus, effects of uranium
uccessive generations exposed uranium concentrations of 0, 10, 25 and 75 �g L−1

in daphnids were only attributable to chemical toxicity, confirming
that chemotoxicity of depleted uranium is of much greater concern
in comparison to its radiotoxicity, in agreement with Miller et al.
(2002), Sheppard et al. (2005) and Mathews et al. (2009).

In D. magna exposed to uranium, structural damages on intesti-
nal epithelium were observed at 50 �g L−1 suggesting that uranium
might cause some functional perturbations in assimilation (Zeman,
2008). This hypothesis was confirmed in this study with a signifi-
cant reduction in surface specific assimilation rates detected at 25
and 75 �g L−1 in F0 and at concentrations as low as 10 �g L−1 in
F1 and F2. Metabolic rates are known to vary with organism size.
Observed respiration rates were affected only through the reduc-
tion in size induced by uranium, since no significant difference in
oxygen consumption was visible between the control and exposed
daphnids of equal size. Baillieul et al. (2005) similarly found that
cadmium mainly affected energy budget through a reduction in
assimilation, whereas respiration showed little response to this
metal. Other studies similarly showed that stress affects energy
intake to a greater extent than energy consumption in a wide range
of species including Gammarus pulex (Maltby et al., 1990), D. magna
(Baird et al., 1990; Barber et al., 1990) and Dreissena polymorpha
(Schneider et al., 1998; Smolders et al., 2002).

In the present study, observed effects on growth and reproduc-
tion were in good agreement with predictions of net production
and DEB theories (Nisbet et al., 2004; Kooijman, 2000), in case of
a reduced energy intake, due to low food availability or exposure
to toxicants. In fact, daphnids exposed to uranium showed reduced
fecundity, body size and mass. Furthermore, a delay in the release
of the first brood was observed at 75 �g L−1 in F0 and at 25 �g L−1 in
F1 and F2. This observation might partly result from growth retar-
dation under toxic stress (Reynaldi et al., 2006) because daphnids
need to reach a size threshold in order to mature. It might also be
caused by the reduced size at birth observed at ≥25 �g L−1 as small
neonates are known to grow smaller, reach maturity later and pro-
duce fewer eggs than large neonates (Ebert, 1991, 1992, 1994). At
10 �g L−1 the slight reduction in size observed in F2 caused only a
small reduction in fecundity and no delay in reproduction. Age and
size at maturity are among key life history traits in Daphnia (Ebert,
1992), delay in first reproduction having critical consequences for
population dynamics (Alonzo et al., 2008).

In our study, increasing uranium concentration was shown to
induce a reduction in egg mass in agreement with Zeman et al.
(2008). This observation was mainly a consequence of the reduced

size of mothers, in agreement with Tessier and Consolatti (1989).
Small egg mass might be a good indicator of a strong and irre-
versible reduction in offspring viability at 75 �g L−1, as suggested
by the very strong mortality observed in the following generation
either under the same uranium exposure or after neonates were
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eturned to a clean medium. Similarly, neonates of small size or
orn from eggs of small mass showed a greater sensitivity to toxic
ffects after parental exposure to Am-241 contamination, external
amma irradiation and cadmium (Alonzo et al., 2008; Gilbin et al.,
008; Enserink et al., 1990). Those results highlight the necessity to
onsider offspring quality as an additional endpoint in chronic 21-
ay tests (Hammers-Wirtz and Ratte, 2000). A reduction in energy
eserves deposited in eggs, as reflected in egg mass, might explain
he increased offspring sensitivity to uranium. This observation

ight also result from an exposure of eggs in the brood pouch,
uring 3 days of embryogenesis. A direct exposure of embryos

n the brood chamber to environmental pollutants, such as ani-
ine derivatives, was suggested by Abe et al. (2001) on the basis
hat daphnids actively exchange the fluid in the brood chamber
or environmental water in order to support embryonic oxygen
emand (Kobayashi et al., 1987). In our results, the absence of ura-
ium in freshly laid eggs, even at the highest tested concentration,
uggested that ovaries acted as a barrier against a direct mater-
al transfer of uranium. Further experimental tests are required to

nvestigate uranium contamination during embryonic stage.
In this study, effects of uranium were shown to increase in sever-

ty across exposed generations. This result might differ depending
n which brood number is used to start subsequent exposed gen-
rations. Using 5th brood in our experiments allowed uranium to
ccumulate in mothers and potentially increased effects across gen-
rations whereas 3rd brood is often regarded as the fittest offspring
n D. magna. At 75 �g L−1, sublethal effects on reproduction and
rowth were observed in F0 whereas daphnids did not survive in
1. Like Brennan et al. (2006) observed with daphnids exposed to
our environmental oestrogens for two generations, results with
ranium suggested that a weakening of the offspring might occur

n the first generation leading to a higher susceptibility to lethal
ffects in the progeny. Toxicity of uranium for reproduction also
ncreased across generations at 10 and 25 �g L−1, causing delay in
rood deposition and reduction in number of eggs per brood. Sim-

lar observations were reported in the third generation exposed
o internal alpha irradiation at 15 mGy h−1 (Alonzo et al., 2008)
r to 50 mg L−1 estrogen diethylstilbestrol (Baldwin et al., 1995).
aphnid reproductive capacity mainly declined across generations
xposed to alpha irradiation at 0.3 and 1.5 mGy h−1, through a
ecreased proportion of breeding daphnids (Alonzo et al., 2008).

The observed increase in toxic effects of uranium across gener-
tions contrasted with results obtained during long-term exposure
o other stable metals such as cadmium, nickel and copper. In
act, D. magna exposed to sublethal concentrations of copper for
2 successive generations or cadmium for three generations was
hown to become more resistant to acute toxicity (LeBlanc, 1982;
odar et al., 1990). D. magna exposed to 160 �g L−1 nickel for seven
uccessive generations showed an increase in intrinsic rate of pop-
lation growth despite decreased mean life span and body length
f primiparous daphnids (Münzinger, 1990). These results sug-
ested the development of an adaptive response which was shown
o involve the induction of metallothionein-like protein (MTLP)
Stuhlbacher et al., 1992; Guan and Wang, 2004; Bodar et al., 1990).
his mechanism controlling the homeostasis of essential metals
nd sequestering toxic metals in the cell might protect organisms
gainst chemotoxicity but not radiotoxicity. In our study, toxic
esistance was not observed over three exposed generations sug-
esting that uranium might not induce MTLP or might induce MTLP
fter a longer multigeneration exposure, or that MTLP does not
rotect against uranium chemotoxicity.
Continuously changing conditions in ecosystems require taking
n interest in recovery ability of organisms after a stress situation,
hich determines the population resistance to episodes of toxic

tress in the environment. This study showed that once returned to
clean medium, progeny did not survive after parental exposure to
ology 99 (2010) 309–319

75 �g L−1 uranium suggesting irreversible effects at this concentra-
tion whereas effects on survival and reproduction decreased after
parental exposure to ≤25 �g L−1. A similar increase in reproduc-
tion rates was observed in D. magna whose parents were previously
exposed to diazinon below 0.5 ng L−1 (Sanchez et al., 1999). Daph-
nids returned to a clean medium after parental exposure to uranium
≤25 �g L−1 exhibited a greater body mass than the control. This
difference was more complex to interpret and might involve some
compensatory process such as additional energy storage in F2 to
counterbalance effects of uranium toxicity. This process might also
take place in daphnids returned to a clean medium despite the
absence of toxicity and resulted in an increased body mass com-
pared to the control.

5. Conclusion

In D. magna, uranium affects carbon assimilation with strong
consequences for somatic growth and reproduction. Moreover,
increased effects on life history traits and physiology were observed
across exposed generations as low as 10 �g L−1, with potential
capacity to recover in a clean medium after exposure to ≤25 �g L−1.
Results presented in this study illustrate the necessity of carrying
out multigeneration tests or examining offspring quality to assess
environmental risk of waterborne uranium and other pollutants
and suggest that chronic toxicity measured over one generation of
Daphnia (21-day tests) might lead to underestimating risk.
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