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ù 85 mM, Ni ù 0.017 mM (1 mg L21), total organic carbon
ù 3.6 mg L21, total hardness ù 45 mg L21 (as CaCO3), and
pH 7.3–7.6. All culturing and experimentation were conducted
in a room with the temperature controlled at 20.5 6 1.58C.
Photoperiod was fixed at 16:8-h light:dark.

Before any experimentation, daphnids were cultured in
glass beakers using a static renewal system with 25 ml of water
per animal and feeding and replacement of solutions every
second or third day. Daphnia magna were fed 4 ml of com-
mercially purchased YCT (a slurry of yeast, cerophyll, and
trout chow; Aquatic Research Organisms) and 12 ml of algae
per 800 ml of solution. The algae consisted of a 3:1 ratio of
Selenastrum capricornutum to Chlorella (at a total concen-
tration of 3.5 3 106 cells ml21). Solutions were not aerated,
because aeration drives Daphnia to the water surface [13].
Rather, beakers were left uncovered to allow for atmospheric
equilibration of oxygen, with oxygen saturation at approxi-
mately 70 %. Only frequently reproducing colonies (.15 ne-
onates per female per 3 d) were used, and at no time were
ephipia present in a colony. Culturing protocols for individual
experiments are described below.

Twenty-one day chronic toxicity test and LC50
determination (F0 generation)

A 21-d chronic toxicity test assessing survival, growth, and
reproduction was run on neonates (age, ,24 h) following the
standard U.S. Environmental Protection Agency protocol for
static renewal [14], and employing measured Ni concentrations
of 0, 21, 42, and 85 mg Ni L21. An additional concentration
of 247 mg Ni L21 was included initially, but 100% mortality
occurred before the onset of any reproduction in this treatment
(data not shown). Water samples were taken on the first day
and then on every fifth day thereafter, filtered (pore size, 0.45
mm), acidified with trace metal–grade HNO3, and analyzed for
dissolved Ni by inductively coupled plasma-mass spectrom-
etry (Sciex Elan 6100 DRC; Perkin-Elmer, Wellesley, MA,
USA) using certified standards (PlasmaCal; SCP Science, Baie
D’Urfé, QC, Canada).

The intrinsic rate of population increase (r) for each cohort
was calculated from the following formula [15]:

2rt1 5 l m et t (1)

where lt is the proportion of female survivors of age t, mt is
the mean number of progeny per female at age t, t is the age
in days, and r is the intrinsic rate of population increase. The
exponent r is estimated by iteration until a value is found so
that the calculated value of ltmte2rt summed over 21 d is equal
to 1.

At the end of the 21-d test, all surviving animals were
removed from solution by plastic transfer pipettes, blotted dry
on No. 1 Whatman filter paper (Clifton, NJ, USA), placed on
pieces of aluminum foil, and weighed to the nearest 0.01 mg.

A chronic, 21-d LC50 value was determined using the Prob-
it method [16]. The data used for this calculation were mor-
tality at 21 d in each of the exposure concentrations (including
the highest concentration of 247 mg Ni L21, causing complete
mortality) and mean measured dissolved Ni concentrations of
each treatment.

Growth, Ni accumulation, acclimation, and metabolism of
F1 D. magna

Neonates from the first two broods produced by each re-
producing individual of the F0 generation were culled (n ù

300) and cultured en masse in 4-L glass beakers with 3.5 L
of exposure solution with the same concentration as that to
which their mothers were exposed. For the control and for 21
and 42 mg Ni L21 treatments, all neonates were culled on day
8 (onset of reproduction) through day 11. No mortalities oc-
curred in the F0 generation in any of these three treatments
through the first 11 d, whereas F0 animals exposed to 85 mg
Ni L21 experienced 30% mortality by day 11 (see Results and
Discussion). Additionally, the mean time to first brood in this
treatment (85 mg Ni L21) was 12.4 d, prohibiting the culling
of large numbers of F1 neonates within the first 11 d of ex-
posure (see Results and Discussion). For these reasons, the
F1 generation consisted only of animals from the control and
the 21 and 42 mg Ni L21 treatments.

Daily, 30% of the mass culture media was replaced, and
food was added at the concentration described above. The
appropriate amount of Ni was added from a concentrated stock
of NiCl2·6H20 to maintain steady concentrations of 0, 21, and
42 mg Ni L21 over the 11-d exposure period. Water samples
were taken and analyzed for Ni as described above. All F2

generation neonates born during the 11-d exposure of F1 an-
imals were discarded daily.

Following 11 d of Ni exposure, wet weight of individual
F1 animals (n 5 10) was determined as described above for
the F0 generation.

Whole-body Ni burden was measured in F1 animals at day
11 by removing D. magna in groups of four (n 5 5) and
drying overnight at 608C. Once dried, animals were weighed
to the nearest 0.001 mg. Groups of four daphnids were then
transferred to plastic vials, and 50 ml of concentrated (70%)
trace metal–grade HNO3 were added. Vials were placed back
in the oven overnight at 608C. The digest was then diluted
with deionized water and analyzed for Ni content by induc-
tively coupled plasma-mass spectrometry as described above.

Acute (48-h) toxicity tests on F1 neonates were run on the
16th day of the 21-d chronic toxicity test to examine for pos-
sible acclimation effects of previous maternal Ni exposure.
Neonates from each concentration were taken at random from
all those produced on that day by the F0 generation. During
the test, dead or completely immobilized animals were re-
moved daily from beakers, and the 48-h LC50 and 95% con-
fidence interval were calculated as described above using ei-
ther the Probit method [16] or the Stephen method [17].

On day 11, daphnids from the F1 generation were analyzed
for whole-body concentrations of the following five metabo-
lites: total lipid, total protein, glycogen, lactate, and ATP.
Groups of 20 animals (n 5 5 groups from each concentration)
were initially removed from the control and the 21 and 42 mg
Ni L21 solutions and weighed as described above. Daphnids
were then transferred to plastic assay tubes, immediately fro-
zen in liquid nitrogen, and stored at 2808C until later bio-
chemical analysis. Pools of 20 animals were then thawed in
600 ml of ice-cold 8% HClO4 in 12- 3 75-mm borosilicate
test tubes and homogenized with a tissue homogenizer for 30
s. Next, 175 ml of the homogenate were removed and frozen
at 2208C for later analysis of glycogen. To the remaining
homogenate was added 1 ml of chloroform for lipid extraction.
The homogenate was then vortexed vigorously and centrifuged
at 100 g for 3 min. Using drawn glass Pasteur pipettes, the
organic layer was removed and transferred to glass vials,
sealed, and stored at 2208C until later analysis of total lipid.
The remaining aqueous extract was vortexed, transferred to
plastic assay tubes, and centrifuged at 5,000 g for 4 min, after
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