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Abstract. Lethal toxicity levels of two inorganic water pollut- acute and chronic toxicities of various metals; this information
ants, chromium (&) and arsenic (AY), were determined form the basis of water-quality criteria for the protection of
toward six freshwater macroinvertebrate species collected froraquatic ecosystems and their biota (Depledgal. 1998).

a single field site. Crustaceans were represented by two am- The main purpose of this work was to assess the toxicity
phipod species, an epigean or@afmmarus fossaruyrand a  thresholds (expressed as LC50) for a set of freshwater macro-
hypogean oneNiphargus rhenorhodanengjsand by an iso- invertebrates collected from a single field site and translocated
pod speciesAsellus aquaticys There were two insect larvae, to laboratory conditions. Two metals were chosen: arsenic and
Heptagenia sulphureéEphemeroptera) andydropsiche pel-  chromium. Arsenic is widespread in the environment as a
lucidula (Trichoptera) and a snaiPhysa fontinalis Median  consequence of both anthropogenic and natural processes. It is
lethal concentrations (LC50s) were determined over 96-h ane ubiquitous but potentially toxic trace element. Inorganic as
240-h periods for chromium and over a 240-h period forwell as organic forms of arsenic are present in the environment,
arsenic. Arsenic bioaccumulation was studied, too. The macand the former seem to be more toxic and slightly more
roinvertebrates tested showed a wide range of sensitivity anflccumulated in some freshwater aquatic species than the latter
bioaccumulation. A comparison between 96-h and 240-h ex¢Speharet al. 1980). Trivalent arsenic may show an adverse
periments demonstrated that there was an increase in toxiciyffects on aquatic biota and is considered more toxic than the
values following a longer time exposure for chromium. Also inorganic pentavalent form (Hall and Burton 1982). Data on
chromium was more toxic toward crustaceans than arsenighe acute effects of arsenic to aquatic organisms are limited
conversely, arsenic was more toxic for the insect larvae a”‘é\Nagemaret al. 1978; Forgeet al. 1998). In contrast to other
snail tested here. The lethal concentrations determined for th@xjc elements, where the oxidation states are not distin-

two metals were discussed and compared to results from C"[h%ﬂshed, chromium presents several oxidation states, which are
toxicity studies. The use of such macroinvertebrates, collecte gulated in different ways. A distinction must be made be-
in the field and tested for longer exposure periods than withinyyeen the two major oxidation states, chromium |1l and chro-
the standardized 96-h tests, should provide more suitable r§nium VI. Cr 11l behaves as a hard Lewis acid and can form
sults for monitoring the general environmental quality of fresh-j,sojuple Cr(OH) and FexCr.(OH), precipitates, contrary to
water systems. Cr VI, which is highly soluble (Wangt al. 1997). Therefore,

the U.S. Environmental Protection Agency (US EPA) classifies
materials as hazardous waste if they contain leachable chro-
mium (40CFR261.4), but excludes those materials from clas-
Monitoring the effects of pollution on aquatic organisms re-sification if it can be shown that the leachable chromium is not
quires knowledge of the toxic substances involved. In recenghromium VI (40CFR261.94) (Kimbrougét al. 1999).

years, interest in the factors that modify the bioavailability of Public concern with chromium is mainly related to Cr VI,
environmental contaminants to aquatic organisms and toxicitgince these compounds are toxic due to their oxidation of
analyses has grown (Hellawell 1989; Transpurger and Drew#tracellular compounds. Contrary to Cr Ill, which is relatively
1996). The persistence of metals and their toxic and cumulativeontoxic to organisms and bioaccumulated from ingested food,
effects on aquatic biota at low concentrations is a matter ofSr VI bioaccumulation in aquatic organisms comes from the
concern in all industrial countries (Ahsanullah 1982). Manydissolved phase (Wangt al. 1997). These considerations led
environmental laboratories are generating information on theis to study As Il and Cr VI.

To measure the environmental concentration levels bioavail-
ability and the potential effects of pollutants, many studies
have been carried out with aquatic insects (Hare 1992; Clement

Correspondence tov. Canivet and Kiffney 1994). Lotic insect larvae occupy almost all tro-
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phic levels of consumers and have a variety of feeding habits;oncentration were used for bioaccumulation experiments except for
a rapid metabolism, and variable life cycles; thus they have thé&liphargids (Table 2). The organisms were transported to the labora-
potential to reflect with great accuracy both the spatial andory inan ice-cooled container, th_en _placed in oxyge_nated river water
temporal aspect of the fate and effects of chemicals (Vuori and] @ cooled chamber until the beginning of the experiment. They were
Kukkonen 1996). Trichoptera such as hydropsichids, widely2cclimatized to laboratory conditions for 2 days before experimenta-
distributed and abundant, fulfill the general requirements 0ﬁlon. Because of their particular sensitivity to ecotoxicological testing,

ideal bioindi Th | o ; | he crustacean ovigerous females were excluded from the experiments.
Ideal bioindicator. They tolerate great variations in water qual-grganisms were collected in November 1998, June 1999, and July

ity and react to these variations with morphological, chemical,;999 for the chromium 96-h (1), (2) and chromium 240-h (3) exper-
and behavioral changes. Their ecology is sufficiently welliments, respectively, and in April 1997 for the arsenic experiments.
known for any quality effect to be recognized (Vuori and Only last-instar larvae stages were kept for the experiments. The
Kukkonen 1996). Ephemeroptera, such as Heptageniids, amexperiments were realized in summer and in winterpellucidulais
sensitive to organic pollution, but little is known about their a bivoltine species (Rouet al. 1992).H. sulphureais univoltine, but
sensitivity to metals. An important component of the food webthere is usually a fast-growing cohort that emerges in May/June and a
is represented by freshwater crustaceans like Gammarids argPWer-growing cohort that emerges in September/October. The
Asellids, which are abundant and found in many temperat@rOWth rates vary with water temperature, and'the perlod_ over'whlch
systems. They have been effectively used in toxicity asses adults emerge vary from year to year and locality to locality (Ekibt

’ . . . 3. 1988). For crustaceans and snail the size was the criteria and
ment and are usually obtame;d from.W|Id popglatlons (Cran%ven”eS were excluded from the experiments.
1995; Mullisset al. 1996). Until now, little attention has been
paid to the fate of pollutants in water that flows through the
alluvial bed sediments and the effect on hypogean crustaceans. . )
Blind gammarid (Niphargids) constitute an important elementEXPerimental Designs
of the subsurface food web, and they show adaptation capac-
ities that allow them to successfully exploit the undergroundMortality tests were conducted with a flowthrough exposure system
environment (lower metabolic rate and life history traits Suchconsist_ing of a multichannel toxit_:ant injection system, which delivere_d
as low growth, reproduction rates, and increased longevity he to_xmgnt at th_ree concentrations ar_ld a control. _Tests were carried
(Ginet 1960; Hervanét al. 1998). Another important group of ut with filtered river water collected with the organisms. River water

fresh . . . d by th d oul and contaminant were continuously mixed and went through compart-
reshwater organisms Is constituted by the gastropod pulmog,qniajized glass tubes containing the invertebrates. To prevent preda-

nates (molluscs), which have already been used to test thgn or competition behaviors, each organism was separated from the
influence of heavy metals on survival, reproduction, and bio-thers and placed in an individual compartment (Figure 1). Tests were
accumulation (Gomot 1998). Six species represented by tax@erformed in a room with a constant temperature of12°C, and
nomic groups previously described have been used in this studiight was controlled on a 14 h light/10 h dark cycle. Only the hypogean
The effects of pollutants have been tested using a flowspeciesN. rhenorhodanensiwas kept in total darkness. Three repli-

through experimental design, which allowed tests to be percates of five organisms per species were u;ed for each concentration.
formed on a range of macroinvertebrates simultaneously undeié flow rate to each replicate was 50 mi/min for a 3-L water volume
identical conditions. The experimental design should give 6{9 L per concentration). Before all experiments, dishes were washed

- . . . with 10% nitric acid and rinsed a few times with deionized water. Two
more realistic threshold than static bioassays, which often. . i -

d - h . hreshold b f ad . kinds of tests were carried out: short-term acute toxicity tests (96 h)
underestimate the tOXICIty thresho ecause o1 a SOI’ptIOﬂand subacute toxicity tests (10 days).

Two exposure times were chosen, one a standard exposure timegjgaccumulation was studied in glass aquariums (5 L) for 10-day

of 96 h (acute toxicity test), the other a long-term test of 240 hexperiments. Arsenic solutions were continuously renewed with a
(subacute toxicity test). peristaltic pump, and water samples were collected for analyses every
24 h during the test. The experimental design was set up also in the
cooled chamber (temperature: #22°C), with a 14/10 photoperiod.
Three replicates of 30 organisms were performed for each species,
Materials and Methods except for Niphargids (Table 2).

Test Organisms
Toxicant Solution

The six macroinvertebrate species were collected in a single station to
minimize the role of their origin as a potential source of distortion on Stock solutions of metals were freshly prepared by dissolving the
the measured responses (Mersch and Pihan 1993). This station, locateppropriate salts in deionized water in 1-L glass volumetric flasks. The
on the Ain River, which is the main tributary of the Ri® River sodium arsenite stock solution was prepared with deionized water
situated 30 km upstream from the city of Lyon (France), is weakly (Aslll). For the mortality test, three concentrations were made using a
contaminated and usually taken as a test statiom@®l&994). Two  peristaltic pump, which continuously mixed the sodium arsenite solu-
epigean crustaceans (an amphipod and an isopod), one hypoge#an with river water. Every 24 h 25-ml samples were taken for water
crustacean (amphipod), one mollusc (gastropod), and two insect larvaanalysis and acidified with nitric acid to verify the effective concen-
(Trichoptera and Ephemeroptera) (see Table 1) were collected in ordération (Table 3). Analyses were carried out with an atomic absorption
to have a wide range of sensitivity with the toxicity tests. The hypo-spectrophotometer with a graphite furnace (Perkin Elmer Zeemer
gean crustacean was collected with a manual pump (Bou and Rouc3030). The detection limit for this procedure wasuygy L% The
1967) at 50 cm depth in the sediment, and the other taxa were samplemncentration used in each replicate of the bioaccumulation experi-
using a hand net (50@m mesh size). ment was 10Qug L.

Sixty organisms per species were used for each lethal toxicity In the same way, a potassium chromium stock solution was pre-
experiment and thirty organisms per species per replicate for eachared, and three concentrations were made for the 96-h experiment and
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Table 1. Characteristics of invertebrates tested

Phylum Genus Current Feeding

(Class) Family Species Preference Group Diet

Molluscs (Gateropods) Physidae Physa fontinalis Lotic Grazer Herbivorous

Arthropods (Crustaceans) Asellidae Asellus aguaticus Lentic Shredder Detritivorous
Gammaridae Gammarus fossarum Lotic Shredder Omnivorous
Niphargidae Niphargus rhenorhodanensis Lentic Shredder Omnivorous
Hydropsychidae

(Insects) (Trichoptera) Hydropsyche pellucidula Lotic Filterer Carnivorous

Detritivorous

Heptageniidae
(Ephemeroptera) Heptagenia sulphurea Lotic Scraper Detritivorous

Table 2. Experimental conditions of arsenic exposure to various species of macroinvertebrates andugegisweight and standard devi
ation) of arsenic concentrations after exposure for 10 days toutoD *

Mean of Measured Mean of Measured

Theoretical Concentration Initial Number Concentration

Concentration (ng L™ of Animals % Mortality after in Animals
Species (ng L™Y in Water in water (SD) per Samples 10 Days (SD) (ng g% (SD)
G. fossarum Controls= 0 1(0.1) 30 3(1.7) ND*

tests (3)= 100 97.3(0.6) 30 17 (1.9) 20.3(1)
H. sulphurea Controls= 0 1(0.1) 30 6.7 (3.3) ND

tests (3)= 100 98 (1) 30 23(3.3) 0.12 (0.01)
P. fontinalis Controls= 0 1(0.1) 30 0 ND

tests (3)= 100 96.7 (0.5) 30 0 1.9(0.3)
A. aquaticus Controls= 0 1(0.1) 30 317 ND

tests (3)= 100 97.3(0.6) 30 11 (1.9) 26.5(1.2)
N. rhenorhodanensis Controls= 0 1(0.1) 100 0 ND

tests (3)= 100 95.7 (0.5) 100 6.7 (3.3) 22.6 (2.6)
H. pellucidula Controls= 0 1(0.1) 30 2.2(1.9) ND

tests (3)= 100 98 (1) 30 11 (1.9) 107.2 (5.2)

*ND = not detectable: concentrations in control animals were below method detection limit.

for the 240-h experiment. Every2 a water sample was collected and APHA 1992). The efficiency of the method is 91%. The organisms
immediately analyzed to verify the actual concentration of th& Cr were dried (60°C for 24 h) and then placed for 3 h in a dessication
ion (Table 3). This analysis was carried out using a HACH colorimet-device. Then they were weighted (the precision of the weighing
ric method. This is the 1,5-diphenylcarbohydrazide method, US EPAmeasurements was 0.001 mg) before mineralization. The organisms
accepted for reporting wastewater analysis (Hach 1986; Kimbretigh were digested with 5 ml of suprapur water, 5 ml nitric acid suprapur,
al. 1999). Total chromium was measured in order to control theand 2 ml perchloric acid suprapur, added with a calibrated pipette, for
absence of chromium 1l in our samples. Preliminary tests were coni12 h at room temperature. After that, samples were placed in a 250°C
ducted to obtain a mortality range of 0 to 100%. bath for 4 h. The samples were filtered, and potassium iodure was
added before analysis with the atomic absorption spectrophotometer
with a graphite furnace (Perkin-Elmer 2100). The method detection

. . i -1
Biological Procedures limit was 1 g L™

Four physicochemical parameters were measured each 24 h during the

experiments (over 240 h for arsenic and for chromium over 96 h and

240 h). Organism survival was controlled every 24 h, and the dea(?tatIStlcal Analysis

individuals taken out. The dead point was taken as immobilization,

determined by gentle probing of each animal. Postexposure observ#ccording to the Spearman-Karber method (Hamikoral. 1977), the

tions in clean water revealed the fact that immobilized organisms did6-h LC50 and the 240-h LC50 were calculated from measured

not recover. As we have an hypogean species in our experimentoncentrations of metal ions. The LC50 data represent the concentra-

toxicity tests with lethality as endpoint was chosen@dlacher 2000).  tion inducing 50% mortality in a population exposed for 96 h or 240 h

The organisms were fed every 2 days with fish food (Tetramin); anyto the contaminated medium. Only nonparametric statistics were used

food remaining from the previous feeding was removed after 24 h. here because of the small number of samples (five animals per species
For bioaccumulation experiments, after 10 days’ exposure, testegder replicate). A Kruskall-Wallis test (one-way analysis of variance by

animals were rinsed with deionized water to minimize the contributionranks) was used to compare physicochemical parameters between the

of surface-bound metals to the overall larval metal concentration, thewifferent concentrations. Differences were considered significant at

frozen for residue analysis. Bioaccumulation analysis were performeg < 0.05. Chi-square tests were performed to test the homogeneity of

owing to the nitric acid—perchloric acid digestion method (3030 H; mortality between replicates.
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ized the toxicity experiments simulta-
neously on a range of macroinvertebrates

Table 3. Means (mg L' and SD) of measured concentrations (control and C1, C2, and C3) realized every 24 h, for each replicate (called
R1, R2, and R3) of the different experiments

C1 Cc2 C3

Controls
Tests (3 Replicates) R1 R2 R3 R1 R2 R3 R1 R2 R3
As 0.20 0.20 0.19 1.30 1.22 1.18 4.2 4.33 4.06
240 h < 0.002 (0.06) (0.06) (0.05) (0.84) (0.66) (0.67) (1.41) (1.44) (1.27)
Cr 0.063 0.054 0.053 2.67 2.8 2.67 19.3 16.33 18.33
240 h < 0.003 (0.019) (0.011) (0.011) (0.75) (0.67) (0.67) (3.26) (2.05) (1.03)
Cr (1) 1.85 1.82 1.97 20.75 19.25 19.75 200 215 206.7
96 h < 0.003 (0.17) (0.05) (0.17) (4.5) (2.22) 1.7) (2.83) (7.2) (4.04)
Cr (2) 1.83 1.20 1.23 14.25 16.25 1.5 153 160 163
96 h < 0.003 (0.52) (0.03) (0.24) (4.03) (4.26) (3.01) (20) (14) (21)

Control was realized with filtered river water, and arsenic and chromium were not detectable. The reproducibility of the experimental design wa
tested by performing two 96-h tests with chromium: Cr (1) and Cr (2).

Results There was no significant difference between the replicates (p
values> 0.005).

The physicochemical parameters were homogeneous. Dis-
solved oxygen concentration was always at saturation (10 mg
The measured concentrations for chromium 96-h experimenty1 average value) without any significant difference between
ranged from 0 to 200 mg L as chromium VI for the first poncentratlon§ for each experiment. For the chromlum exper-
experiment and from 0 to 160 mg £ as chromium VI for the ~ iments, the higher metal concentration caused a significant
second one (Table 3). There was no significant differencélecrease in pH values and a significant increase in conductiv-
between the replicates (p values0.05). For the 240-h exper- ity, especially for the 96-h (1) chromium experiment. However,
iments, the concentrations ranged from 0 to 18 mg (Table in all cases pH values did not reach the acidic range, which
3) and no significant differences were observed between theould affect the organisms survival. Means of pH values
replicates (p values> 0.05). The concentrations used for ranged from 7.6 to 8.4 depending on the experiment considered
arsenic were lower and ranged from 0 to 4.2 md (Table 3).  and conductivity ranged from 3148s- cm * to 423us-cm *.

Toxicant Solutions
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Survival lower than those observed fAr aquaticug26.5p.g g~ %). H.
pellucidula showed a very high value of bioaccumulation

The 96-h chromium experiments were carried out to validat107 wg g~* dry weight).

the experimental design. Good replicability (p valu®.05 for

the Chi-square tests) and reproducibility between the two ex-

periments were observed with the invertebrates collected ifyiscyssion

their biota and transferred under laboratory conditions (Figure

2). Crustaceans and insect larvae reacted very differently tothe ] )

toxicant. G. fossarumand N. rhenorhodanensisvere very — Sensitivity of Invertebrate Species to Chromium

sensitive species, with LC50s of 1.37 mg(SD = 0.2) and

of 1.18 (SD= 0.24) for the two tests and between 1.51-2.07Very good reproducibility was observed for 96-h LC50 tests

mg L™ (SD = 0.44 and 0.42), respectively, whike aquaticus ~ With chromium. Amphipods were 20 times more sensitive to

was relatively resistant with LC50s of 13-15 mgi(SD = 5 chromium than Trichoptera studied. Comparison with other

and 4.5). For the insect larvae, we noticed the great sensitivitfreshwater amphipods (Table 4) shows t@aangonyx pseu-

of H. sulphurea(3.8 mg L' and 3.97 mg LY; SD= 0.7 and  dogracilis was much more sensitive to chromium thén

1.15) contrary toH. pellucidula which was the most tolerant fossarumin contrast with the results obtained with copper by

species (30—-32 mg 1}; SD = 10.9 for the two tests). The Martin and Holdich (1986), but each species gave different

molluscP. fontinalispresented an intermediate sensitivity with responses to the different pollutants, and copper, although

LC50s of 9.46 mg L* and 9.42 mg L* (SD = 2 and 3.57). considered essential, was often classified as more toxic than
In these experiments two groups of invertebrates were obchromium (Kangharot and Ray 1989). Comparison with ma-

served: the first one corresponding to the most sensitive speci¢ie invertebrates (Table 4) underlines the fact that amphipods

includedG. fossarumN. rhenorhodanensj$i. sulphureaand ~ were more sensitive than the marine decagadcer magister

P. fontinalis and the second one with higher LC30:aquati-  but it has already been shown that metal toxicity is more

cus and H. pellucidula However, the 240-h experiment accurately measured in fresh water than in sea water, because

showed a different pattern (Figure 3), even tho@yHiossarum metals appear to a greater extent as complexes and complex-

(LC50 = 0.19 mg L%; SD = 0.13) andN. rhenorhodanensis ~ation reduces the toxicity of metal ions (Martat al. 1981).

(LC50 = 0.23 mg L' SD = 0.12) were always the most However the toxicity of specific chemicals can be affected

sensitive andH. pellucidula(LC50 = 4.8 mg L'Y; SD = 4.3) by several physical or chemical factors, such as temperature,

the most tolerant species. In those experimeAtsaquaticus ~ adsorption to container surfaces (which decreases the metal

andH. sulphureaappeared much more sensitive (LC5@.51  concentrations), complexation with organic constituents

mg L™ and 0.22 mg C* and SD= 0.18 and 0.11, respec from sea water, and gaseous exchange or even loss (Glick-

tively), and P. fontinalis (LC50 = 4.2 mg L%, SD = 2.1)  stein 1979; Martiret al. 1981). For instancelubifex tubifex

much more resistant. was 15 times more sensitive at 30°C with food than at 20°C
The arsenic experiment was performed as a 240-h test (Figwithout food. o
ure 4). The utmost sensitivity was found 18t fossarumwith A comparison of toxicity values for 96-h and 240-h chro-

an LC50 of 0.2 mg L* (SD = 0.5), whereaN. rhenorhe mium experiments demonstrated an increase in toxicity follow-
danensisappeared very resistant with highest LC50 valuesing longer exposure periods. Even if the magnitude of this
(3.97 mg L'%; SD = 1.5).A. aquaticusshowed a 2.31 mg * increase varies between the speci@s,fossarumN. rhenor-
LC50 value (SD= 0.4). Taking into account the confidence hodanensisand H. pellucidula were about six times more
interval, there were three groups of sensitivity. The first con-sensitive, whileA. aquaticusandH. sulphureawere 17 to 26
sisted ofG. fossarumand H. sulphurea(1.6 mg L'%; SD = times more sensitive. In contraBt fontinaliswas just twice as
0.4). The second one consisted Rif fontinalis (2.2 mg L™ %; sensitive. Other 240-h experiments should confirm these re-
SD = 0.6), A. aquaticus(2.3 mg L%, SD = 0.4), andH. sults, but no mortality was recorded in the experiment controls.
pellucidula(2.4 mg L% SD = 0.3) with no significant differ ~ The usefulness of longer exposure time experiments for aquatic

ences between their LC50 values; and the third one With insect larvae had already been demonstrated by Spetelr
rhenorhodanensi3.97 mg LY, SD = 1.5). (1980) and Pontasch and Cairns (1989). These organisms tend

to exhibit increased sensitivity with longer exposure times,
possibly due to low resistance during molting. Toxicity thresh-
old obtained from aquatic insects that undergo 1 or more molts
Bioaccumulation during the experiment will be more representative of what
happens in the environment. In this study, great variations of
Mortality was relatively low with arsenic except fad. sensitivity were recorded with a crustaceah, aquaticus
sulphureawhere seven organisms died during the experi-which became much more sensitive after a 240-h exposure test
ment. The results obtained for this species should be taketo chromium. Indeed. aquaticushad already been used as an
carefully. Arsenic accumulation is. fossarumA. aquati-  indicator of water quality in many short-term toxicity tests and,
cus H. pellucidula and N. rhenorhodanensigxposed to contrary to the results obtained with 240-h experiment, ap-
100 wg L™t over a 10-day period was significantly higher peared to be relatively tolerant toward a range of pollutants
than in the control animals (Table 2. sulphureaandP. (Naylor et al. 1990). Moreover, one major criticism in ecotoxi-
fontinalisdid not seem to accumulate As Ill. Similar bioac- cological studies is the use of field-collected macroinverte-
cumulation values were observed for the two amphipods (2®rates, which present particular life-history traits, which could
wg gt dry weight in average). They were significantly affect toxicity results. But Crane (1995) showed that, for ex-
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Fig. 2. Means (and standard deviation)
of LC50 values (mg L) of (a) crusta
ceans and (b) insect larvae and snail for
the two 96-h chromium tests. The same
experiment was reproduced two times:
(1) in November and (2) in June

Fig. 3. Means (and standard deviation)
of LC50 values (mg L?Y) of crusta

ceans (a) and insect larvae and snail (b)
for 240-h chromium test

posure times greater than 6 days, such differences in th8ensitivity of Invertebrate Species to Arsenic
responses of some populations within a species living under
different environmental conditions are avoided. This studyFor the 240-h arsenic experiment, the LC50 values ranged from
shows the importance of long-term exposure tests that allow 8.2 mg L™ * for G. fossarun{the most sensitive species) to 3.9
comparison with results obtained in other populations of themg L~* for N. rhenorhodanensisThe hypogean crustacean
was 2 to 20 times less sensitive than the epigean crustacean

same species.
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a Crustaceans LC50 for 240-h b Insect larvae and snail LC50 for
arsenic experiments 240-h arsenic tests
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species, contrary to the results obtained with chromium. Suck concentration of 10Q.g L™ of As Il in water. But the two
observations have been realized with other species: epigean crugustaceans had different metabolic rates, and when the concen-
taceans (such aditocra spinipesGammarus pulexAllorchestes  tration of As increasec. fossarunbioaccumulated more As and
compresspwere more sensitive than hypogean crustaceans (sudied more rapidly than the hypogean crustaceame®|g1999)
asParastenocaris germanic&liphargus aquilexandProasellus ~ showed that Zn bioaccumulation rates@®f fossarumwere dif-
cavaticu$, respectively (Bengtsson and Ber(str@987; Bosnak ferent fromN. rhenorhodanensiafter 12-day experiments.
and Morgan 1981; Notenbooetal. 1992). In the present study: The isopodA. aquaticushioaccumulated more arsenic than
rhenorhodanensiavas not always the most resistant species,G. fossarumand its LC50 value was intermediate between the
which suggested that data on the toxicity of pollutants on hypol C50 of the two amphipod species. The greater tolerande of
gean or groundwater species are too scarce. aguaticuscompared to th&ammaruspecies had already been
Speharet al. (1980) showed thaG. pseudolimneusvas  demonstrated with short-term toxicity tests (Martin and Hol-
much more sensitive to As Ill than other invertebrates, since 9@lich 1986; Nayloret al. 1990), but there is no clue to such
ng gt As lil killed all the organisms after 14 days’ exposure, differences in tolerance. Brown (1977) showed that trace
whereas no mortality was observed for stonefly or snail. Thisamounts of arsenic were recordedAigellus meridianusepa-
result is consistent with our study, whee fossarumwas the  topancreas (in lipid inclusions). This small organ, which con-
most sensitive species with arsenic. Insect larvae and the gastitutes only 4—6% of the total dry weight, contained 30—60%
tropod P. fontinalis thresholds were closer td. aquaticus of the total body burden of metals like cadmium or copper (Van
LC50 values with a greater sensitivity bf. sulphureaUp to  Hattum et al. 1996). It has been suggested that this organ
now, very few data are available on arsenic toxicity to fresh-allowed high concentration of metals to be taken out of circu-
water invertebrates (see Table 4). lation, but only between molts, since during the molt metals are
Crustaceans, insect larvae, and snail species studied hereleased in the body of the invertebrates (Wieser and Klima
presented difference in sensitivity to chromium and arsenic. InL969). Some decapods, like lobsters, accumulated primary
fact, crustaceans seemed to be much more sensitive than theganic and inorganic arsenic in their hepatopancreas (Cooney
insect larvae and snail tested here to chromium (Figure 3) andnd Benson 1980), but other decapods, such as the marine
conversely for arsenic (Figure 4). Such results confirmed preshrimp Lysmata seticaudataaccumulated arsenic to a higher
vious observations (Khangarot and Ray 1989). degree in muscle tissue (Fowler and Unlu 1978). These results
suggest that the mode of action of arsenic varies a lot among
crustaceans and could explain the differences between amphi-
Patterns of Bioaccumulation of Arsenic pod and isopod LC50s and the greater sensitivith oAquati-
cusexposed for longer time periods to chromium, for example.
Despite their differences in survival, the two amphipod species Considerable molting was observed during the experiments
(epigean and hypogean) had the same rate of bioaccumulation fewr H. sulphurea(twice as many molts as in the control).
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Table 4. Comparison of LC50 values from the present study and results obtained for other aquatic marine or freshwater invertebrates (*240 |

exposure time; LC50s without any indication are 96-h LC50)

V. Canivetet al

Species Arsenic Chromium Laboratory Conditions Authors
Marine Invertebrates
Tigriopus brevicornis 20°C Forgetet al. (1998)
pH = 7.7-8.14
Nauplii 109pg L1 12/12 dark/light
Copeodids 19.g L1 Salinity 34.5-35%
Ovigerous fem. 27.,g Lt
Scylla serrata 1,700pg L1 26.5-29.5°C Krishnajet al. (1987)
(intertidal crab) (AsOy) pH = 7/7.2
Static bioassay
Cancer magister 232ug L1 344mg Lt 15°C Martinet al. (1981)
(As,05) pH = 8.1+ 0.2
Salinity: 33.8%
Nitocra spinipes 35ug Lt 20-22°C Bentsson and Bergstid1987)
Salinity 3%-static
bioassay feeding
Tisbe battagliai 59mgL? 20°C pH 7.7-8.1 Hutchinsoet al. (1994)
Salinity 35%
8/16 Dark/light feeding
Nereis virens 2mg Lt 20°C Eisler and Henneckey (1977)
Pagurus longicarpus 10mgL? Salinity 20%
Neanthes arenaceodentata 31mglL? 20°C Mearnset al. (1977)
1.63 (168 h) Salinity 33.5%
Allorchetes compressa 556 mg L't 20°C pH= 8 Ahsanullah (1982)
(amphipod) 6.34 mg L* Salinity: 33%
10/14 dark/light
Flowing seawater system
Freshwater Invertebrates
Daphnia obtusa 0.06 1mgL? 20°C Coniglio and Baudo (1989)
(48 h) pH=?
12/12 dark/light
Daphnia magna 1.79 mg L'? 13°C Kangharot and Ray 1987
(48 h) pH= 7.6
6.23mg L? Static bioassay Kangharot and Fargasova (1994)
(48 h)
Daphnia magna 4466 mg L™  0.162mglL? 20°C Fargasova (1994)
(As®) pH = 6.15-7.9
Tubifex tubifex 12736 mgL? 291mglL? No direct sunlight
Static bioassay feeding
Tubifex tubifex 8.87mgL?t 0.19mg Lt 30°C Khangarot (1991)
(NagAsO,) No food pH= 7.6
Limnea luteola 388 mgL? Static bioassay Khangarot and Ray (1988)
Crangonyx pseudogracilis 220mg L? 13°C Martin and Holdich (1986)
(48 h) pH= 6.75
Static bioassays
Gammarus fossarum 02mgL? 1.4-1.2/0.19* 12°C Present study
mg Lt pH =8
Heptagenia sulfurea 1.65mg L? 3.8-3.9/0.22* 10/14 dark/light
Flowthrough syst.
Physa fontinalis 22mg Lt 9.5-9.4/4.2* Effective
Asellus aquaticus 23mglL? 13-15.3/0.5* Concentration used for LC50
feeding for 240-h test
Niphargus rhenorhodanensis 3.9 mg Lt 2.1-1.5/0.23*
Hydropsychidae pellucidula 2.4 mg L't 30.4-32/4.8*

According to Hareet al. (1991) molting may allow arsenic loss

H. pellucidula accumulated 100 times more inorganic ar-

in several stream-dwelling insects, which could explain thesenic than the controls. The potentially large quantities of trace
results obtained here. Nevertheless in the field study of Masometals (Cd, Cu, and Zn) found in the gut in both aquatic and

et al. (2000), Heptageniids bioaccumulated much more arseniterrestrial insects could be stored in granules and/or lysosomes
than Hydropsichids did, and the authors explained that this i§Hare 1992). The rate at which such storage structures are
probably due to the dependence on the surface/volume ratiexcreted could determine the capacity of a given species to
during the process of adsorption directly from water.

resist the toxic effects of metals (Hagkal. 1991). It is possible
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that the Hydropsychid species could store and excrete arsenin our experiments have already shown their potential as
after accumulating certain quantities. In the study realized bybioindicators of trace elements (Hydropsychids, Gammarids,
Leslieet al. (1999)H. pellucidulaexposed to high concentra- Asellids, and Gastropods) in previous works (Cairal. 1992;
tion of chromium in its natural biota presented discoloration ofMaund et al. 1992; Martin and Holdich 1986; Gomot 1998,
anal papilla. These ion-exchange organs are responsible foespectively). The use of an hypogean species and the possibility
taking up ions from the aquatic environment and ensuring thabf comparing the sensitivity of the six species submitted to the
the hypertonic body fluids of the animal remain hypertonicsame conditions should provide more suitable results in monitor-
with respect to the surrounding water. For this reason, théng the general environmental quality of freshwater systems.
authors would expect these organs to be easy targets for Cr VI.
After absorption by the organisms, chromium VI is reduced to
Cr Il, which has the ability to bond to biological macromole-
cules, which became difficult to excrete again and may accuacknowledgments.We would like to thank S. Berettoni, F. Mermil-
mulate. We could hypothesize that the same phenomenon ofd, L. Mauclaire, and R. Eppe for their assistance with fieldwork. We
curs with arsenic in our experiment. also thank Margaret Davis for reviewing a former draft of this text.
Spehar and Fiandt (1986) showed that the ddadampanu-
lata accumulated about 2,7g g~ * dry weight after 14 days’
arsenic exposure (100g L~ As 1Il). During our experiment, References
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