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Abstract The tolerance of the invasive amphipod Di-
kerogammarus villosus to fluoride (F7) toxicity was
examined via laboratory experiments. 96-h LCs, and 240-h
NOEC values were estimated to be 5.8 and 0.95 mg F /L,
respectively. Average whole-body fluoride content in
control amphipods was 27.6 pg F~/g dry weight, whereas
in exposed amphipods it ranged from 3,637 to 16,994 pg
F /g dry weight. All these results indicate that D. villosus
is a very sensitive species to fluoride toxicity. Overall it is
concluded that the potential risk of invasion for D. villosus
in either natural or polluted freshwater ecosystems,
exhibiting relatively high fluoride levels (at least ten-fold
higher than the average freshwater background level of
0.15 mg F /L), must be low.

Keywords Fluoride toxicity - Bioaccumulation -
Sensitivity - Amphipods

Fluoride (F™) concentrations in unpolluted fresh waters
generally range from 0.01 to 0.3 mg F /L whilst in
unpolluted seawaters generally range from 1.2 to 1.5 mg
F/L (World Health Organization 2002; Camargo 2003).
Nevertheless, fluoride must be considered as a serious
pollutant since its concentration in many aquatic ecosys-
tems is significantly increasing as a consequence of human
activities. Aluminum and zinc smelters have been reported
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to increase in more than 5 times the natural background
level of 0.3 mg F7/L in some fresh waters of Norway and
Canada (World Health Organization 2002; Camargo 2003).
Other activities such as phosphate fertilizer plants, plants
producing fluoride chemicals (e.g., hydrogen fluoride,
sodium fluoride, sulphur hexafluoride), plants manufac-
turing brick, ceramics and glass, and the use of fluoride
containing pesticides can cause significant increases (more
than 100 times the natural background levels of 0.1-0.2 mg
F7/L) in the fluoride concentration of surface waters
(World Health Organization 2002; Camargo 2003). Dis-
charges of fluoridated municipal waters can also cause
significant increases (about 5 times the natural background
levels of 0.2-0.3 mg F7/L) in the fluoride concentration
of recipient rivers (World Health Organization 2002;
Camargo 2003).

On the other hand, Dikerogammarus villosus (Sowinsky,
1894) (Gammaridae, Amphipoda, Crustacea) is one of the
most successful macroinvertebrate invaders of aquatic
ecosystems in Europe. Its native distribution includes the
Black Sea Basin and the Caspian Sea Basin, but currently it
can be found in many European freshwater ecosystems
(Devin et al. 2001; Dick et al. 2002; Casellato et al. 2006,
2007). Furthermore, D. villosus has become very abundant
in some European lakes and rivers, being the primary cause
for alarming extinctions of native gammarids as well as for
declines in populations of other aquatic animals (Devin
et al. 2001; Dick et al. 2002; Casellato et al. 2006, 2007).

The main goal of this study was to examine the toler-
ance of this invasive gammarid species to fluoride toxicity
in order to evaluate its potential risk of invasion in fresh-
water ecosystems with relatively high fluoride levels (at
least ten-fold higher than the average freshwater back-
ground level of 0.15 mg F7/L). In addition, a secondary
goal was to examine the fluoride content in gammarids
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after their short-term exposure to fluoride ions. Because the
toxicity of pollutants depends greatly on their uptake and
retention by organisms (Walker et al. 2005), we expected
that, in the case of a high sensitivity of D. villosus to
fluoride ions, the fluoride content in gammarids after their
short-term exposure should be significantly increased.

Materials and Methods

Water and gammarids for laboratory experiments were
obtained from Lake Garda, a deep subalpine lake located in
Northern Italy. Animals were transported to the laboratory
using plastic containers. No mortality occurred during
transportation. Gammarids were acclimatized to laboratory
conditions for 2 weeks prior to toxicity bioassays, being
fed with commercial fish food (TetraMin in flakes). No
mortality occurred during acclimatization. Gammarids
used for experiments had an average size of 14.5 £
2.7 mm in length.

Two different toxicity bioassays were conducted in
the Department of Biology at the University of Padova
(Padova, Italy), using small glass aquaria (1 L) with air
pumps and air stones as experimental units. In the first
bioassay (without water renewal and animal feeding),
gammarids were exposed in triplicate to a range of higher
fluoride concentrations for 4 days. Nominal fluoride con-
centrations were 5, 10, 20, 40 and 80 mg F /L, though
actual fluoride concentrations ranged from 4.2 to 72.8 mg
F /L. Five adult gammarids (males and females indis-
tinctly) were used per fluoride concentration and replicate.
In the second bioassay (with water renewal and animal
feeding), gammarids were exposed in duplicate to a range
of lower fluoride concentrations for 10 days. Nominal
fluoride concentrations were 0.5, 1 and 2 mg F~/L, though
actual fluoride concentrations ranged from 0.46 to 1.9 mg
F /L. Eight adult gammarids (males and females indis-
tinctly) were used per fluoride test concentration and rep-
licate. Animals were fed every 2-3 days using commercial
fish food (TetraMin in flakes), and test water was renewed
every 3—4 days. Fluoride test concentrations were made
from sodium fluoride (minimum 99.5% NaF, Merck,
Germany), and analyzed according to the standardized
colorimetric method (American Public Health Association
1998). Fluoride levels in control aquaria during both short-
term toxicity bioassays were below 0.20 mg F /L.

Toxicity bioassays were conducted in a climate chamber
at controlled temperature of 17°C. Average values of other
water quality conditions were 8.0 £ 0.1 for pH, 8.4 +
0.2 mg Oy/L for dissolved oxygen, and 106 £ 14 mg
CaCOg3/L for total hardness. Dissolved oxygen and pH
values were recorded using standard oxygen and pH
meters, and total hardness was determined according to the

standardized colorimetric method (American Public Health
Association 1998). Gammarid mortality was recorded
daily, dead animals being removed and kept in formalde-
hyde at 4%. At the end of laboratory experiments, sur-
viving gammarids were also removed and kept in
formaldehyde at 4%. All animal samples were taken to the
Department of Ecology at the University of Alcald (Spain),
where gammarids were measured in size and their whole-
body fluoride content determined. Fluoride content,
expressed as pg F/g dry weight, was analyzed following
the fusion alkali method and using a fluoride-ion selective
electrode (McQuaker and Gurney 1977; Malde et al. 2001).
LCs values, and their respective 95% confidence limits,
were calculated with mortality data, exposure times, and
actual fluoride concentrations from the first short-term
toxicity bioassay, using the multifactor probit analysis
(MPA) software (US Environmental Protection Agency
1991). The MPA methodology solves the concentration—
time-response equation simultaneously via the iterative
reweighed least squares technique (multiple linear regres-
sion). The dependent variable is the probit of the propor-
tion responding to each concentration, and the independent
variables are exposure time and toxicant concentration.
LCy; values (as safe concentrations), and their respective
95% confidence limits, were also estimated using the MPA
software. Besides, the no-observed-effect concentration
(NOEC) and the lowest-observed-effect concentration
(LOEC) were determined in accordance with observed
results from the second short-term toxicity bioassay. Sta-
tistical differences among fluoride test treatments, regard-
ing whole-body fluoride content in each treatment, were
examined using the SPSS software (version 15.0). Given
the lack of normality and homoscedasticity of variances, a
non-parametric Kruskal-Wallis test was performed to
determine statistical differences, and post-hoc Mann—
Whitney tests were used for pair comparisons. Significant
differences were accepted at p < 0.0083, since we used a
Bonferroni correction to control Type I error rate.

Results and Discussion

Gammarid mortality increased with increasing both fluo-
ride concentration and exposure time. 100% mortality
occurred within the first 24 h at the two highest nominal
concentrations (40 and 80 mg F /L), whereas only an
average mortality of 13.3% occurred after 96 h of exposure
at the lowest nominal concentration (5 mg F~/L). No
mortality occurred in control aquaria. Estimated LCsq and
LCy; values for the first toxicity bioassay, as well as
observed LOEC and NOEC values for the second toxicity
bioassay, are presented in Table 1. LCsy and LCy; values
exhibited a tendency to decrease with increasing exposure
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Table 1 LCSQ, LCOAOIs LOEC

and NOEC values for Exposure time (h)

LCso (mg F7/L)

LCoor (mg F/L) LOEC (mg F/L) NOEC (mg F/L)

D. villosus. 95% confidence

o A ; 24 149 (12.5-18.1) 4.8 (2.3-6.8) - -
limits are in parenthesis
48 7.9 (7.1-9.0) 2.6 (1.3-3.5) - -
72 6.4 (5.5-7.6) 2.1 (1.0-2.9) - -
96 5.8 (4.6-7.0) 1.8 (0.83-2.6) - -
240 4.7 (3.8-5.9) 1.5 (0.71-2.2) 1.9 0.95

times. Furthermore, it should be evident that the estimated
240-h LCyq; value and its respective 95% confidence
limits fall relatively well within the range of observed 240-
h LOEC and NOEC values.

A comparison of these obtained toxicity data with pre-
vious toxicity data for other sensitive aquatic animals
shows that D. villosus is a relatively very sensitive species
to fluoride toxicity. For example, the 48-h LCs, value for
the cladoceran Daphnia magna ranges between 98 and
304 mg F/L (Dave 1984; Fieser et al. 1986); 96-h LCs,
values for the fishes Pimephales promelas and Gasteros-
teus aculeatus range between 315 and 340 mg F~/L (Smith
et al. 1985); 96-h LCsy values for the salmonids On-
corhynchus mykiss and Salmo trutta range between 51 and
200 mg F /L (Pimentel and Bulkley 1983; Smith et al.
1985; Camargo 1991); 96-h LCsy values for the hydrop-
sychids Hydropsyche bronta, H. bulbifera and H. exocel-
lata range between 17.0 and 26.5 mg F /L. (Camargo and
Tarazona 1990; Camargo et al. 1992); and the 96-h LCs,
value for the amphipod Hyalella azteca was estimated to be
14.6 mg F/L (Metcalfe-Smith et al. 2003).

It has been reported that aquatic animals living in soft
waters with low ionic content may be more adversely
affected by fluoride pollution than those living in hard or
seawaters, since fluoride bioavailability may be signifi-
cantly reduced with increasing calcium water content (Pi-
mentel and Bulkley 1983; Smith et al. 1985; Camargo
2003). However, despite toxicity bioassays with D. villosus
were conducted in hard waters (106 & 14 mg CaCOs/L for
total hardness), estimated LCsqy and LCg¢; values, as well
as LOEC and NOEC values, were relatively low (Table 1).

Furthermore, as far as we know, D. villosus would be one
of the most sensitive aquatic animal species to fluoride
toxicity.

Average values of whole-body fluoride content in D.
villosus, at different water fluoride concentrations and
exposure times, are presented in Table 2. As expected,
since the toxicity of pollutants depends greatly on their
uptake and retention by organisms (Walker et al. 2005),
whole-body fluoride content in gammarids after their short-
term exposure to fluoride ions significantly increased with
both water fluoride concentration and exposure time
(Table 2).

Fluoride ions are mainly taken up directly from water by
aquatic animals, and far less from food (reviewed in
Camargo 2003). This uptake is a function of fluoride
concentration in the aquatic medium, exposure time, and
water temperature. Part of this fluoride may be eliminated
via excretory systems, but it will mainly be bioaccumulated
(Kessabi 1984; Camargo 2003). The results of this research
concur with those previous findings, since fluoride content
in D. villosus increased with both water fluoride concen-
tration and exposure time. High levels of fluoride (up to
16,994 ng F /g dry weight) were found in gammarids
exposed to different fluoride concentrations at different
periods (Table 2), whereas the mean fluoride content in
control individuals was 27.6 pg F~/g dry weight. More-
over, this amphipod species seemed to bioaccumulate
fluoride quite fast. Within the first 24 h, dead amphipods,
exposed to 10, 20, 40 and 80 mg F /L, exhibited mean
whole-body fluoride levels of 5,007, 5,965, 8,761, and
13,955 ng F7/g dry weight, respectively. And at an

Table 2 Average values of whole-body fluoride content, expressed as pg F~/g dry weight, in D. villosus at different water fluoride concen-

trations and exposure times

Concentration (mg F /L) Exposure time

24 h 48 h 72 h 96 h
Control (<0.2) - - - 276 £34¢
5 - - - 3,637 + 545"
10 5,007 + 324° 7,599 + 1,247° 16,994 + 503* -
20 5,965 + 698¢ 8,130 & 2,203° - -
40 8,761 + 721°¢ - - -
80 13,955 + 2,208° - - -

Superscripts indicate statistical differences (p < 0.0083) between whole-body fluoride contents

@ Springer



Bull Environ Contam Toxicol (2010) 85:472-475

475

exposure concentration of 10 mg F~/L, gammarids were
able to survive for 72 h, reaching the highest whole-body
fluoride content found in this laboratory study, 16,994 +
503 pg F~/g dry weight (Table 2). We believe that the great
capacity of D. villosus to take up and retain fluoride during
short-term exposures might be a major cause of its great
sensitivity to fluoride toxicity. However, because as far as
we know, no study has been previously conducted to
examine fluoride bioaccumulation in freshwater crustaceans
at different times and exposures, it is difficult to evaluate
properly the capacity of D. villosus to take up and retain
fluoride regarding other related aquatic animals.

Owing to several human activities, fluoride concentra-
tions in many aquatic ecosystems are currently increasing
worldwide (World Health Organization 2002; Camargo
2003). In some cases, anthropogenic sources can cause
significant increases (more than 100 times the natural
background levels of 0.1-0.2 mg F7/L) in the fluoride
concentration of surface waters (World Health Organiza-
tion 2002; Camargo 2003). On the other hand, naturally
elevated levels of fluoride ions (> 10 mg F /L) in surface
waters may be a consequence of geothermal or volcanic
activity, or a result of the dissolution of fluorine containing
minerals (World Health Organization 2002; Camargo
2003). Consequently, because of its great sensitivity to
fluoride toxicity (Tables 1 and 2), we can conclude that the
potential risk of invasion for D. villosus in either natural or
polluted freshwater ecosystems, exhibiting relatively high
fluoride levels (at least ten-fold higher than the average
freshwater background level of 0.15 mg F /L), must be
low. Nonetheless, anthropogenic increases in the fluoride
concentration of fresh waters may never be considered as a
feasible procedure to prevent the spread of unwanted spe-
cies such as D. villosus, given the lethal effect that those
elevated fluoride levels could have on sensitive native
species.
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