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Résumé de Particle

L’accumulation du nickel et du thallium chez les animaux aquatiques a été peu
étudiée, méme si ces métaux sont présents a des concentrations potentiellement nocives
dans certains lacs. Pour mesurer 1’accumulation et le transfert de ces contaminants le long
de chaines alimentaires, nous avons exposé deux types d’invertébrés, un insecte
(Chironomus riparius) et un ver (Tubifex tubifex), a des sédiments contaminés par ces
métaux en laboratoire. Nous avons alors mesuré la distribution subcellulaire du Ni et du _
-T1 chez ces invertébrés pour mieux connaitre la probabilité qu’ils aient des effets toxiques
et qu’ils soient transférés a des maillons supérieurs des chaines trophiques. Les deux
espéces ont détoxiqué au moins la moitié du Ni et du T1 accumulés, étant situés dans les
fractions qui ont un réle connu de détoxication des métaux. Nous avons estimé qu’une
grande partie du métal présent chez ces animaux (43-84 %) pouvait étre disponible pour
le transfert vers les prédateurs selon un indice souvent utilisé¢ dans la littérature. Pour
tester cette prédiction, nous avons nourri un prédateur, I’insecte Sialis velata, avec ces
invertébrés et nous avons mesuré 1’efficacité avec laquelle I’insecte assimile le Ni et le Tl
venant de chaque type de proie. Lé majorité des deux métaux traces (58-83 %) était
assimil€e par le prédateur, ce qui suggere que ces contaminants pourraient étre facilement
transférés le long de chaines alimentaires et que les modéles décrivant la bioaccumulation
du Ni et du Tl chez les animaux aquatiques devraient considérer la nourriture comme
source de ces métaux. La proportion de métaux qui pourrait potenticllement étre
disponible pour le consommateur et le pourcentage réellement assimilé par S. velata

~correspondaient & une relation 1:1 dans deux cas sur les quatre combinaisons proie-métal
étudiées. Pour les deux autres cas, les résultats du fractionnement sous-estimaient les
efficacités d’assimilation mesurées chez le prédateur. Une certaine quantité de métaux
présente dans la fraction des débris cellulaires ou les granules pourrait donc étre

assimilable pour les prédateurs.
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Abstract

" The accumulation of nickel and thallium by aquatic animals has been little studied
despite the fact that these metals are present at potentially harmful concentrations in some
lakes. To measure the propensity of animals for accumulating and transferring these
contaminants along food chains, we exposed two types of invertebrates, an insect
(Chironomus riparius) and a worm (Tubifex tubifex), to these metals spiked into
sediment. We then measured the subcellular distribution of Ni and TI in these
invertebrates to better understand the likelihood of these metals having toxic effects and
of being transferred to higher trophic levels. In both species, at least half of their Ni and
T1 was present in fractions that are purportedly “detoxified” (granules and metal-binding
proteins), which leaves room for toxic effects to occur. Furthermore, based on
information in the literature, we estimate that much of the metal in these animals (43-84
%) is available for transfer to a predator. To test this prediction, we fed these
invertebrates to a predator, the alderfly Sialis velata, and measured the efficiency with
which this insect assimilated Ni and Tl from each prey type. The majority of both trace
metals (58-83 %) was assimilated by the predator, which suggests that these contaminants
would be easily transferred along aquatic food chains and that models describing Ni and
T1 accumulation by aquatic animals should consider food as a source of these metals. The
proportion of metal that could potentially be taken up by a consumer and the actual
percentage assimilated by S. velata fell on a 1:1 line for 2 of the 4 prey-metal
combinations, whereas in 2 cases results for prey fractionation underestimated
assimilation efficiencies measured for the predator. Metai present in the cellular debris

and granules could be partially available for the predator.

Keywords: Nickel; Thallium; Subcellular partitioning; Trophic transfer; Detoxification
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1. Introduction

Canada is the second largest source of the world’s nickel (Ni; Chau and
Kulikovsky-Cordeiro 1995). Canadian lakes located in regions where Ni is mined and
smelted can be heavily contaminated with this trace metal (Gunn 1995, Pyle et al. 2005),
and animals living in such lakes suffer the consequences (Borgmann et al. 2001).
Likewise, the trace metal thallium (T1) can be released by the smelting of sulfidic ores but
is also a product of coal burning and cement manufacturing (Nriagu and Pacyna 1988,
Pacyna and Pacyna 2001, Lis et al. 2003). The concentrations of Tl in trout from Lake

Michigan are reported to be of concern for humans consuming these fish (Lin et al. 2001).

Despite their potential for toxic effects, the accumulation of Ni and TI by aquatic
animals has been little studied. Even less information is available on their propensity for
being transferred from prey to predators along aquatic food chains. In laboratory
experiments, aquatic animals are often exposed to these metals in water only (Ni: Pane et
al. 2003, Keithly et al. 2004; T1: Zitko and Carson 1975\, Pickard et al. 2001), despit.e the
fact that food can be a major source of their trace metals (Hare et al. 2003, Meyer et al.

2005).

To fill some of these knowledge gaps, we studied the transfer of Ni and TI from
two common aquatic invertebrates to a widespread predatory insect. As prey, we chose
two widespread invertebrates that are used in sediment toxicity tests as well as being
members of two of the dominant groups living in freshwater sediments: insects
(Chironomus riparius; Diptera, Chironomidae) and worms (Tubifex tubifex; Oligochaeta,
Tubificidae). Our predator of choice, Sialis velata (Insecta, Megaloptera), accumulates
many trace metals mainly from its prey (Croisetiére et al. 2006), which include both
chironomids and oligochaetes. Larvae of the genus Sialis burrow in the sediment of lakes

(Charbonneau and Hare 1998) and rivers throughout the Holarctic region (Elliott 1996).

To determine if Ni and TI are readily transferred along food chains, we measured

the efficiency with which S. velata accumulates these metals from the two prey types. To
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explain its propensity for assimilating these metals, we also measured Ni and TIl
distributions in prey cells because the manner in which metals are detoxified and stored in
cells is reported to influence their transfer to higher trophic levels (Wallace and Lopez

1996, 1997, Wallace and Luoma 2003, Seebaugh et al. 2006, Wang and Rainbow 2006).
2. Materials and methods

All labware for metal analyses was soaked for 1 d in 10 % HNOs, rinsed 6 times

with ultrapure water and dried in a laminar flow hood.

2.1. Field techniques and prey rearing

Sialis velata larvae, water and sediment were collected from Lake St. Joseph
(46°53" N, 71°38" W), a Canadian Shield lake located near Quebec City, QC, Canada.
This lake is distant from industrial emissions and contains low concentrations of metals
(Cd, Cu, and Zn) in sediment, water and larvae of S. velata (Hare and Campbell 1992,
Warren et al. 1998). Sediments and S. velata were collected at a depth of ~5 m using an
Ekman grab. Sediments were sieved in the field (1 mm mesh-aperture net) to extract S.
velata and larvae were transported to the laboratory in plastic bags containing lakewater
and some sediment. In the laboratory, unsieved sediment and lakewater for prey exposﬁre
were stored at 4 °C until use, whereas individual S. velata were held in 20 mL of non-
aerated lakewater (changed once per week) in 30 mL polystyrene vials, in the dark, at 10

°C.

Chironomus riparius larvae to be used as prey for S. velata were obtained by the
Centre d’Expertise et d’Analyse Environnementale du Québec (Québec, Canada) and
were cultured continuously in glass aquaria containing ~3 cm depth of fine clean sand and
~8 L of reconstituted water ([Ca’"] 0.8 mM, [CI] 0.95 mM, [K'] 50 pM, [Mg>"] 0.25
mM, [Na'] 1 mM, [SO4*] 0.62 mM). A second prey species, Tubifex tubifex (purchased
from Aquatic Research Organisms, Hampton, VA, USA), was held in glass aquaria
containing ~3 c¢cm of sediment and ~8 L of reconstituted water. For both prey species, half

of the water in their aquaria was changed twice weekly after which fish food (Aquatox;
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Aquatic Eco-Systems Inc., Apopka, FL, USA) was added (0.5 and 1 g, respectively). Prey

were cultured at room temperature at an 18:6 light:dark ratio.

2.2. Sediment spiking for prey metal exposure

Sediment from bLake St. Joseph was spiked with a solution containing 1 mCi of
2%T1Cl; (Isotope products, Valencia, CA, USA) and 0.4 mg of TINO; to obtain a nominal
total Tl concentration of 8 nmol g” dry wt; this Tl concentration has been reported from
Tl-contaminated Canadian lakes (Cheam et al. 1998). Likewise, we added 5 mCi of
63NiClz (Amersham Biosciences, Piscataway, NJ, USA) and 1.456 g of Ni(NO3),.6H,0 to
a separate batch of sediment to obtain a nominal total Ni concentration of 10 umol g dry
wt; this Ni concentration has been reported from contaminated lakes located near
Sudbury, Ontario (Borgmann et al. 2001). These spiked sediments were mixed for 10 min
each day over 3 d then held at 4 °C for a minimum of 2 weeks prior to use; experiments
using these contaminated sediments were carried out over the following 3 (Ni) or 12 (T1)
months. To measure the total Ni and Tl concentrations in spiked sediments, ~100 mg
subsamples were frozen at -80 °C, freeze-dried, weighed and digested in 2.5 mL of 70 %
HNO; for S d followed by the addition of 2 mL of 30 % H,0, for 1 d. These digests were
diluted with ultrapure water to a final volume of 50 mL and total Ni and T] concentrations
were measured by inductively coupled plasma mass spectrometry (Thermo Electron
Corp., model X7) using external calibration with standards and rhodium as an internal

standard.

2.3. Prey metal-exposure

Prey were acclimated for 1-2 d, at 10 °C, in a plastic basin containing sand (C.
riparius) or sediment (7. tubifex) and reconstituted water ([Ca‘2] ~80 uM, [C1**] ~95 uM,
[KH] ~5 uM, [Mg™] ~25 uM, [Na?] ~100 pM, [SO47] ~62 uM). Following acclimation, -
prey were exposed at 10 °C to Ni or Tl in 1-L high-density polyethylene bottles (HDPE;
Nalgene, New York, NY, USA) containing spiked sediment (5 mL per individual) and
reconstituted water (10 mL per individual; prepared 1 d in advance) until they attained a
steady state in their metal concentrations (~14 d; data not shown). Contaminated prey

were then held in groups of 3-4 in polystyrene vials (30 mL) containing uncontaminated
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Lake St. Joseph sediment (10 mL) and reconstituted water (20 mL) for 24 h, at 10 °C, to
eliminate their contaminated gut contents. Groups of prey were used for subcellular
fractionation, given to Sialis velata to measure assimilation efficiencies, or used to

determine metal specific-activities in animals.

2.4. Subcellular fractionation

Depurated prey (20 pooled individuals) were placed in preweighed 1.5 mL
polypropylene microcentrifuge tubes (Fisher Scientific, Ontario, Canada), weighed and
then stored at -80 °C. Just prior to fractionation, prey samples were thawed on ice,
transferred to a glass potter and homogenized by 25 turns of a round glass pestle in 25
mM TRIS buffer at a pH of 7.4. The tissue to buffer ratio was 1:8 for C. riparius and 1:4
for T. tubifex. Homogenates were transferred back into their original microcentrifuge
tubes and weighed. Three 30-pL aliquots were removed from each sample to measure
metal concentrations in the homogenate. Aliquots were placed on pre-weighed pieces of
Teflon sheeting, weighed, and frozen in 1.5 mL polypropylene microcentrifuge tubes at -

80 °C for later analysis.

Homogenates were reweighed and fractionated according to the scheme shown in
Fig. 1 so as to obtain 5 fractions: heat denatured proteins (HDP); heat stable proteins
(HSP) such as the metallothionein (MT); organelles (mitochondria, microsomes and
lysosomes); granules (and other NaOH resistant particles); and cellular debris including
cell membranes and unbroken cells (Wallace et al. 2003, Campbell et al. 2005, Wang and
Rainbow 2006). The purity of these operationally-defined fractions was not verified. The
50000 and 100 000 x g centrifugation was carried out using a Beckman TL-100
centrifuge with a TLA-100.3 rotor, whereas for the other centrifugations we used a
Sorvall RC 5C Plus with an HB-4 rotor. Supernatants were weighed, acidified and held at
4 °C until analysis. Pellets and aliquots were freeze-dried (FTS Systems, New-York, NY,
USA) and weighed. By comparing metal burdens in the homogenate with the sum of
those measured in the various fractions, we determined that metal losses during the

fractionation procedure were very small (6 + 2 % for Ni and 4 + 4 % for T1).
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2.5. Efficiency of Ni and Tl assimilation by the predator

Sialis velata were starved for 3 d in 30-mL HDPE vials containing 10 mL of
lakewater and then offered 1-2 live contaminated prey of a given type. After 1 h, prey that
had not been ingested were removed and the water was renewed. Predators that did not
ingest prey were excluded from the experiment. To ensure that contaminated prey had
been defecated, the following day we offered the predator one uncontaminated prey (of
the other species) ; once the uncontaminated prey had been observed in the predator’s
feces, it was counted for radioactivity. Each predator was then held for 10 minutes in 3.75
mL of EDTA (0.1 mM), to remove metal bound to its surface, then weighed and counted
for radioactivity (as was the EDTA). The water in which the predator had been depurated
was acidified (to remove metal bound to the surface of the vials) and counted for

radioactivity as well.
Assimilation efficiencies (AE) were calculated using a mass-balance approach:

B M siaiis
M siatis + Mwater + Mepta + Mreces

AE x100

where M is the metal burden in either S. velata, water, EDTA or feces. AEs calculated in
this manner are likely minima, because they ignore physiological metal losses during

. depuration.

2.6. B Ni and *TI analyses

Samples for **Ni analysis were acidified with 0.2 mL of 70 % HNOs (3 d at 20 °C
for solid samples) and diluted with ultrapure water to a total volume of 3.75 mlL.
Likewise, samples containing ***T1 were acidified in 0.4 mL of 70 % HNO; and diluted to
a total volume of 2.1 mL. Acidified samples were transferred to 20 mL glass scintillation
vials (VWR International, Québec, Canada) containing either 10 mL (**Ni) or 15 mL
(*T1) of scintillation liquid (Ultima Gold LLT, Perkin Elmer, Woodbridge, ON,

C'anada). Sample radioactivity was measured in a Wallac 1114 liquid scintillation counter
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and counting efficiencies were corrected for the addition of HNO;. We did not measure

Tl speciation in our study.

2.7. Niand Tl specific activities in animals

Sediment was eliminated from the guts of metal-contaminated prey by holding 3-4
individuals for 1 d in polystyrene vials (30 mL) containing uncontaminated sediments (10
mL) and reconstituted water (20 mL) followed by 1 d in 30 mL of reconstituted water.
Individuals were then placed on a preweighed piece of Teflon sheeting in 1.5 mL
polypropylene microcentrifuge tubes and frozen at -80 °C for later analysis. Depurated
prey were freeze-dried and digested in 100 pL of 38 % trace-metal free grade HCI for 3 d
followed by 40 pL of 30 % H,O, for 1 d; digests were diluted with 900 pL of ultrapure
water. Using 300 uL of the digestate, total Ni and Tl was measured by inductively
coupled plasma mass spectrometry (Thermo Electron Corp., model X7) using external
calibration with standards and rhodium as an internal standard. 500 pL of the digestate
was used to analyse Ni and *™TI by scintillation counting as described above. We

presumed that Ni and T1 specific activities in prey were the same as those in the predator.

2.8. Statistical analyses

The proportions of Ni or Tl in various prey subcellular fractions were compared
using a repeated-measures ANOVA or a Kruskall-Wallis test, followed by a Student-
Newman-Keuls multiple comparisons test. Comparisons within a prey species and
between prey species were made using a Student’s t-test or a Mann-Whitney test, as were
assimilation efficiencies by S. velata. All statistical tests were performed using SigmaStat
(Systét Software Inc.). Error terms around means are reported as standard deviations

throughout the text and all values for metal concentrations are in terms of dry weight.
3. Results and Discussion

3.1. Ni in sediments and prey
The Ni concentration in spiked sediments was ~16 pumol g'l, which is close to our

nominal value of 10 pmol Ni g”'. Total steady-state Ni concentrations in prey exposed to
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these sediments were similar at ~0.8 (C. riparius) and ~0.3 (7. tubifex) umol g These Ni
concentrations in prey are lower than the maxima reported for Ni in: C. riparius in
contaminated sediments from rivers in Belgium (~2 pmol g'; Bervoets et al. 2004); 7.
tubifex in Ni-spiked field sediments (~3 pumol g'; Gillis et al. 2004); the trichopteran
Stenopsyche marmorata in a contaminated Japanese river (~3 pmol g!'; Tochimoto et al.
2003); but close to that in the crustacean Hyalella azteca in metal-contaminated
sediments from Canadian lakes (~0.7 pmol g’'; Borgmanh 2003). The similarity of these
maxima, suggests an upper limit for Ni concentrations in these freshwater benthic
invertebrates. Indeed, Borgmann et al. (2001) have estimated that toxic effects would be
experienced by 25% of the members of a H. azteca population if their internal Ni
concentrations reached ~0.2 pmol g"'. In our study, no 7. tubifex died during the Ni
exposures, whereas from 25-50% of the C. riparius were not recovered from Ni-
contaminated sediment (in part due to adult emergence; we did not quantify insect

mortality).

Within the cells of C. riparius, Ni was located in: debris > HSP > granules > HDP
> organelles (Fig. 2). Ni in the cytosol (HSP and HDP) accounted for 37 + 2 % of the
total. Assuming that Ni in the granules and HSP fractioﬁs has been detoxified (Wallace et
al. 2003), then approximately half of the Ni (46 + 1 %) present wasn’t toxic to this insect
(Fig. 3). Ni that is theoretically available for transfer to the predator (HSP + HDP +
organelles; Wallace et al. 2003) represented 43 + 2 % of the total (Fig. 3).

In T. tubifex, Ni was located in: HSP > organelles > debris > HDP > granules. Ni
in the cytosol accounted for approximately half (49 + 2 %) of the total, which is
: signiﬁcantly greater (p < 0.001) than the corresponding figure for C. riparius. The

detoxified portion comprised 47 + 2 % of the Ni present (Fig. 3), which is the same (p =
0.38) as that in C. riparius. However, in T. tubifex, this likely represents a minimum value
because a large proportion of the Ni in this worm was found in the organelles fraction
(=36 %), which includes lysosomes containing detoxified metal (Hopkin 1989, Wallace et
al. 2003). The percentage of Ni that was potentially available for trophic transfer was 84
+3% (Fig. 3), which is significantly higher (p < 0.001) than that for C. riparius (Fig. 4).
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In both prey species, the HSP fraction appears to play an important role in
detoxifying Ni (27% in C. riparius and 45 % in T. tubifex; Fig. 2) as it does for Cd in
several types of invertebrates (Cain et al. 2004, Michaud et al. 2005). Nickel in the HSP
fraction was likely bound in part to metallothionein-like proteins, as is the case for Cd
(Gigueére et al. 2003, Campbell et al. 2005), however, there is little information available
on the affinity of this metal for such proteins. Granules were less important as a site for
Ni detoxification (< 20%, Fig. 2) in our prey species, which contrasts with the results for
an earthworm in which the majority of its Ni was reported to be associated with granuleé
(Vijver et al. 2006). However, the subcellular fractionation protocol differed substantially
between our study and that of Vijver et al. (2006); these authors centrifuged homogenates
at 10 000 x g rather than 800 x g (as in our study ; Fig. 1). A higher centrifugation speed
could result in small granules and lysosomes being sedimented, and those rich in Ca
would be found in the granule fraction. Although Ni has been detected in phosphate
granules in a marine gastropod (Nott and Nicolaidou 1994), the relative importance of
these granules as a detoxification mechanism was not measured by the authors. Overall,
detoxified metal (HSP + granules) represented approximately half of the Ni present in
both of our prey species (Fig. 3), although this value is probably higher given the likely

presence of detoxified Ni in lysosomes in the organelles fraction.

3.2. Tl in sediments and prey

The TI concentration in spiked sediments was ~5 nmol g?, which is somewhat
lower than our nominal value of 8 nmol TI g'. Total steady-state TI concentrations in
prey exposed to these sediments were ~3 (C. riparius). and ~1.5 (T, tubifex) nmol g
Similar values (0.8 — 5 nmol g') have been reported for Tl concentrations in the
~ amphipod Hya]ella azteca exposed to unspiked sediments from Lake Ontario (Borgmann
et al. 1998). However, Borgmann et al. (1998) estimated that such values are well below
the concentration at which toxic effects are likely to occur; for example, growth of H.
azteca was reduced in 25% of individuals at a Tl concentration of ~200 nmol g, In our
study, all T. tubifex survived Tl exposure, whereas 24-45 % of C. riparius were not
recovered from the sediment (some emerged as adults and thus these losses might not be

due to T1 toxicity).
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In the cells of C. riparius, the majority of the Tl was located in the HSP fraction
with the remaining fractions declining in the order: debris > organelles > granules > HDP
(Fig. 2). Of the total, 64 + 1 % was located in the cytosol, 65 £ 1 % was potentially
detoxified and 74 + 1 % was theoretically available for assimilation by the predator (Fig.
3). These values are significantly higher (p < 0.02) than the comparable figures for Ni in
this species (Fig. 4).

In T. tubifex, Tl was distributed equally (p > 0.05) among the granules, organelles,
debris and HSP fractions (~25% each), whereas there was little T1 in the HDP fraction
(Fig. 2). Of the total, 29 + 5 % was in the cytosol and 49 + 7 % should be available to the
predator (Fig. 3); both of these percentages are significantly lower (p < 0.01) than
comparable figures for Ni in this species and Tl in C. riparius (Fig. 4). The detoxified
portion represented 52 £ 5 % lof the total T burden (Fig. 3), which is similar (p = 0.055)
to the comparable figure for Ni in this species (Fig. 4).

In both prey species, a large proportion of their T1 was situated in the HSP fraction
(Fig. 2), which suggests that T] was bound in part to metallothionein. This possibility is
supported by the affinity of Tl for sulthydril groups (Galvan-Arzate and Santamaria
1998), which are a key component of this metal-binding protein. The sum of the
detoxified fractions (granules + HSP) accounted for the majority of the Tl present in both
prey species (Fig. 3), which suggests that these invertebrates are able to detoxify this rare
metal reasonably well. We know of no previous studies in which T1 has been measured in

the subcellular fractions of animals.

3.3 Ni and Tl transfer from prey to predator

The predator S. velata assimilated the majority of the Ni and the Tl that was
present in both prey types (Fig. 4). Likewise, copepods are reported to assimilate large
proportions of the Tl present in their prey (40-50%; Twining and Fisher 2004). For Ni,
the only previously published value for Ni assimilation by a consumer from its food was

for marine bivalves consuming phytoplankton; as in our study, clams assimilated the
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majority (61%) of the Ni present in their food, whereas oysters were much less efficient
(17%) at assimilating this metal (Hédouin et al. 2007). T1 was transferred to the predator
with equal efficiency from our two prey types (p = 0.791), whereas Ni transfer was more
efficient (p = 0.002) from 7. tubifex than from C. riparius (Fig. 4). Comparing the two
metals, there was no significant difference (p = 0.056) in the efficiency of assimilation if
C. riparius was prey, whereas the predator assimilated Ni somewhat more efficiently (p =

0.013) than it did T1 from the oligochaete 7. tubifex (Fig. 4).

The extent to which our estimates of trophically available metal predict metal
assimilation by the predator can be ascertained from Figure 4. Values for Tl in C. riparius
and Ni in 7. tubifex were very close to the 1:1 line, which suggests that these estimates of
metal available for transfer to the predator are reliable. For the other metal-prey
combinations, subcellular partitioning underestimated somewhat the assimilation
efficiencies that we measured. Overall, our data suggest that cellular fractionation results
indicate the minimum Ni and T1 likely to be assimilated by this predator. Metal included
in the debris fraction could be partially assimilated by the predator because of the
unbroken cells remaining in this fraction. The capacity of the digestive system of this
predator to digest cellular membranes or granules and thereby release the metal bound to

them is unknown.

The fact that the predator assimilated the majority of the Ni and T1 present in both
prey species suggests that both of these metals could be readily transferred along food
chains to top consumers and that food has the potential to be an important source of Ni
and T1 for aquatic animals, as is the case for several other trace metals (Hare et al. 2003;
Meyer et al. 2005). If this proves to be the case, then bioaccumulation models for Ni and

Tl should include food as a route of entry to aquatic animals.
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Figure captions

Fig. 1. Protocol used to separate prey into 5 operationally defined fractions: granules,
cellular debris, organelles, Heat-Denatured Proteins (HDP), and Heat-Stable Proteins

(HISP).

Fig. 2. Subcellular partitioning of Ni (left panel) and T1 (right panel) in C. riparius and T. |
tubifex (means + SD, n = 4-5). Significant differences (p < 0.05) among fractions for a
given prey type are indicated by different letters. For a given metal and fraction, all
values varied significantly between the two prey types with the exception of the cellular

debris fraction for T1 (*).

Fig. 3. Distribution of Ni (upper circles) and Tl (lower circles) among functionally-
defined subcellular pools representing detoxified metal (HSP + granules) and subcellular
fractions that are sensitive (HDP) or potentially sensitivé (organelles) to the effects of
metals as well as the debris fraction in C. riparius (on the Ieft) and 7. tubifex (on the
right). The line outside each circle represents the proportion of metal that is potentially '

available for transfer to a predator.
Fig. 4. Relationship between the assimilation efficiencies (AE) of Ni and Tl by the

predator S. velata and the proportion of Ni or Tl in its prey that is theoretically available

for uptake (means + SD, n = 4-5). Dashed line represents a 1:1 relationship.
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Figure 1. Dumas and Hare
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