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INTRODUCTION

Populations of many amphibians have declined
in, and some species have disgRneared from, cer-
tain localities around the wdild. The phenomenon
appears to have accelerated recently, although many
populations are not known to be affected, and some
localities, habitats, and regions €ue more affected
than others [ ,2]. Although much of the present de-
cline may be due to loss of zuitable habitats :N a re-
sult of swamp drainage, forest clearing, and local
development, aquatic con{aurinants such as low pH
and pesticides are likely to be involved [3,4]. Due
to their thin and permeable skins, and prolonged
exposure first to the aquatic environment and then
to the terrestrial, amphibians may be particularly
sensitive to environmcntal stress. There is growing
recognition of a need'to identify sublethal indica-
tors of contamination of natural populations [5],
for sublethal morphological and behavioral abnor-
rnalities may still radfcally reduce fitness. In the
present study we wish to test further the hypothe-
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ses that amphibians are sensitive to low levels of
contaminants and that gross sublethal effects do
occur.

We selected pyrethroid pesticides as contami-
nants. Both type I pyrethroids (e.g., permethrin)
and type II cyano pyrethroids (e.g., fenvalerate) af-
fect voltagedependent sodium and possibly calcium
channels in the nervous system [6]. Such synthetic
pyrethroids are of increasing interest globally for
use in protecting crops, rangeland, livestock, and
forest spraying pl. These compounds, which are the
active ingredients of most household and garden
sprays, are used because they kill afihropods at dos-
ages that apparently are harmless to birds and marn-
mals [8,9] and are far less persistent than the
organochlorines they are replacing. The use of py-
rethroids is likely to increase. A new generation of
more halogenated pyrethroids that are more toxic
to insects is now being tested UOJ, with the expec-
tation that the compounds will be widely applied.
Although normally applied to terrestrial crops, or-
chards, or forests, pyrethroids can be expected to
enter aquatic systems as a result of spray drift,
spills, or direct application for mosquito control.
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Abstract-Amphibian populations are potentially sensitive to aquatic contaminants such as pesti-
cides. We exposed embryos and larvae of five amphibians (the frogs Rana sylvatica, Rana pipiens,
Rana clamitans; the toad Bufo americanus; the salamander Ambystoma maanlatum) to one or botb
of the pyrethroid pesticides permethrin and fenvalerate. Concentrations ranged from 0.01 ppm to
2 ppm, and exposures lasted 22 or 96 h. No significant mortality of embryos, anuran tadpoles, or
salamander larvae occurred during or following exposure to pyrethroids. However, tadpole growth '

was delayed following exposure, and tadpoles and salamander larvae responded to prodding not
by darting away but by twisting abnormally. Both effects may result in greater vulnerability to pre-
dation. Recovery of normal avoidance behavior occrured more rapidly at20 than at 15'C and fol-
lowing exposure to lower concentrations of the pesticides, indicating both temperature and dose effects.
Tadpoles exposed later in development did not feed for a period of days following exposure but were
still capable of metamorphosis. Of the five tested species, Ambystomo maculatum, atadpole pred-
ator, was particularly sensitive. An amphibian community is therefore likely to be sensitive tolow-
level contamination events.
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The half-life of these compounds in clear water may
be as short as I to 3 d, because they degrade by vol-
atilization, hydrolysis, and photolysis. Their half-
life in pond water is longer, and they may remain
unchanged in sediments for a month or more tl ll.
However, even their relatively short half-fife in wa-
ter may be sufficient to eliminate the macrozoo-
plankton [12] and severely affect fish [13,141.

Most research on the effect of pyrethroids on
amphibians has involved injection of the pyrethroid
and/or examination of its effects on nerve and
nerve-muscle preparations [15-171, rather than ex-
posing the organisms to ecologically relevant con-
ditions. The few data available indicate that frogs
may be approximately as sensitive as fish and cer-
tainly more sensitive than mammals Il l]. Amphib-
ians are not likely to be killed by normal exposures,
due to the short half-life of pyrethroids and the low
concentrations likely to occur in aquatic systems.
It is therefore particularly important to identify sub-
lethal effects in order to assess sensitivity.

Amphibian species vary in sensitivity to low pH
U8-201. It is possible that a species sensitive to low
pH exposure will also be more sensitive to pesticide
exposure. Because pyrethroids act directly on neu-
ral membranes, different stages in development are
also likely to vary in s€nsitivity. There are no data
on relative sensitiviry of amphibian embryos and
tadpoles; however, sensitivity of fish to pulse expo-
sures of permethrin may vary not only according
to species but also according to developmental stage
u3t.

Furthermore, pyrethroids are_Si;ually more ef-
fective at colder ternperatures [9J. Sensitivity of em-
bryo and tadpole stages of a particular species may
therefore vary with latitude and season. populations
in northern latitudes as well as spring-breeding spe-
cies should be more affected. Species that spend a
long tiure as tadpoles are also more likely to expe-
rience exposure to intermittently applied pesticides.
Resporues of amphibian communities to pyrethroid
exposure are therefore likely to, be complex, depen-
dent on species, stage, life history, and seasonal
temperatures, as well as timing, duration, and lev-
els of pesticide exposure.

We included five species of4mphibians common
in pouthern Ontario in our experiments: the green
frog (Rana clamitans), the lfdpeird frog (R. pip-
iens), the wood frog (R. sylvatica), the American
toad (Bufo americanas), and the spofted salarnan-
der (Ambystora mscalatunt ). The relationships be-
tween breeding strategy, rate of growth, duration
of tadpole stage, size at metamorphosis, and rela-
tive permanence of the aquatic habitat of anurans

are well understood [21]. The four anuran species
we selected represent a wide range in life history al-
ternatives. We focused most attention on R. clam-
itons and R. pipiens. Rana clamitans breeds over
a number of weeks in early summer in lakes and in
pennanent ponds, ild its tadpoles take a year to
metamorphose in southern Ontario. Rana pipiens
also breeds in ponds that are at least relatively per-
manent, but it bieeds explosively in spring, and its
tadpoles metamorphose by about midsummer. The
two other anurans, B. americanus and R. sylvatica,
also breed explosively in spring but usually in tem-
porary ponds, and their tadpoles metamorphose
rapidly and at a much smaller size than those of R.
pipiens.

We included the salarnander A. macalatum in
some of our experiments, for as a predator of anu-
ran tadpoles it may contribute to structuring anu-
ran cofirmrinities t221.It is particularly sensitive to
low pH exposure U8l, and our own preliminary ex-
periments indicated it might be especially sensitive
to pyrethroid exposure. It breeds in spring in wood-
land ponds, and its larvae metamorphose and
emerge from the ponds in late summer.

Our study considers the effects of exposure of
tadpoles and embryos of amphibian species to two
pyrethroids under laboratory conditions. We sought
evidence of abnormal behavioral effects suitable as
indicators of stress following exposure to relatively
low levels of pesticide, comparing rates of recov-
ery of different stages and species.

. METHODS

Egg collections and tadpole culture

Eggs of the four anuran species were collected
from ponds in south-central Ontario. Eggs of A.
maculatum were collected from ponds on the Ca-
nadian Shield in Haliburton County. The number
of eggs per egg mass varies considerably from R.
clomitans (with 1',000 or more eggs per mass) to ,4.
maculsturn (with about 50, much larger eggs per
mass). In the experiments on A. maculatum, more
than one egg mass was used, and the embryos were
brought into close developmental synchrony by ad-
justing the temperatures at which they were devel-
oping; otherrvise, all eggs were kept at 15oC. Eggs
of all species were raised in aerated 1.5-L jars in
hard, filtered water from the Otonabee River, Peter-
borough County. Newly hatched tadpoles and lar-
vae are nourished adequately by their own yolk for
at least a few days following hatching and do not
need feeding. We raised older tadpoles on boiled
lettuce.
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Experimental conditions

We ran four major experiments during May and
July, 1989 and 1990 (Table l). Because each of the
five species breeds at a different time'during the
spring, we could not expose them to the pyrethroids
at the same time. All experiments were run in trip-
licate, using filtered Otonabee River water. Embryos
and newly hatched tadpoles were exposed in l-L
glass beakers. In experimentS involving embryos,
60 to 90 individuals were kept in each beaker. In ex-
periments involving newly hatchedtadpoles, 10 in-
dividuals were kept in each-leaker. Larger,
premetamorphic tadpoles were exposed in 4-L glass
jars, 10 per jar, and then recovered in l0-L glass
aquaria. The two pyrethroids permethrin and fen-
valerate, as well as the synergist piperonyl.butox-
ide, were supplied by Chem Service (West Chester,
PA). Immediately before an experiment, a stock so-
lution was made by dissolving the pyrethroid into
a carrier solution of I ml acetone or l: I acetone:
ethanol mixture that was subsequently added to 100
ml deionized water. Nominal concentrations for the
various treatinents were made by adding desired
amounts of the stock solution to filtered river wa-
ter. Residues were not determined. Carrier controls
consisted of additions of acetone or acetone-etha-
nol mixture to filtered river water, equaling the
amount of stock solution added to the treatrnent
with the highest concentration of pyrethroid. Carrier
controls and controls with only filtered river water
were run with all experiments. Their data are pooled
for illustrative purposes only in the figures. In the
longer, 9Gh exposures, the embryos or tadpoles
were transferred daily to freshly made pyrethroid
treatments to compensate for the potentially short
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half-life of the pesticide. Exposures to pyrethroids
occurred in darkness in a controlled-temperature
environmental chamber at l5'C. Embryos and
newly hatched tadpoles and larvae were exposed
and subsequently recovered in 500 ml of filtered
river water; older tadpoles, Gosner stages 32to 39

1231, were exposed in 1.5 L filtered river water and
recovered in lGL aquaria. All containers were aer-
ated throughout the experiments, which were mon-
itored daily.

End points .

Ninety-six-hour exposures. In an attempt to es-
tablish an LC50 and to assess sublethal effects of
high concentrations of pyrethroid, we exposed em-
bryos and tadpoles of R. clamitans for 96 h to 0.1 ,
0.25, 0.5, 1.0, and 2.0 ppm perrnethrin. Embryos
were exposed at the first stage exhibiting muscular
twitching, Gosner stage 18 1231, and were then
raised until 25 d after hatching. Hatched tadpoles
were examined for presence of gross morphologi-
cal abnorrnalities, such as bent backs, and behav-
ioral abnormalities, such as twisting in response to
prodding rather than darting away. They also were
measured under a dissecting microscope with an oc-
ular grid to compare growth rates. Newly hatched
tadpoles were exposed to permethrin in a similar
way, raised for 20 d following expostue, and also
measured to compare their growth rates. Exposure
and recovery periods occurred at 15oC.

Hatching. We compared hatching success of em-
bryos of the four species of anurans following}2h
exposure at neurulation, Gosner stage 16 [23], to
0.01 to 0.1 ppm permethrin. The duration and con-
centration of exposure reflected our best estimate

Table l. Summary of four experiments

Experiment Pyrethroid
Duration

(h)
Concn.
(ppm)

Recovery
temp.
('c)

Species

A.m.

Embryos and
tadpoles

Hatching success
Metamorphosis

success
Newly hatched

tadpoles

Permethrin
Permethrin
Perrnethrin

Permethrin
Permethrin

(+synergist)
Fenvalerate

(tsynergist)
Permethrin

or fenvalerate

0.1-2.0
0.1-2.0
0.01-0.1

0.01,  0 .05,  0 .1

0 . 0 1 , 0 . 1

0 . 0 1 , 0 . 1

0.0r

1 5 x
1 5 x
1 5 x x x x

96
96'))

22

'))

22

22

20

15, 20

1 .5 ,20

15,20

R.c, = Rana clamitars; R.p. = R. pipiens; R.s. = R. sylvaticaiB.a. - Bufo americsnus; A.m. - Ambystoma maculatum.
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of potential natural events. In order to compare sen-
sitivity of embryonic stages, we included two later
developmental stages of R. clamitans embryos: the
muscular response stage and the last stage before
hatching (Gosner stages 19 and 20t231). All newly
hatched tadpoles were examined for presence of
gro ss morp hological and beh avioral abn ormalities.
Exposure and recovery periods again occurred at
15  "C .

Metamorphosis. In order to assess success at
metamorphosis following exposure to permethrin,
B. americonus and R. pipiens tadpoles were raised
from hatching until their transformation. Tadpoles
were exposed to concentrations of 0.01, 0.05, and
0.1 ppm permethrin for 22 h during the stage of
hind limb growth but before emergence of the fore
limbs. Tadpoles of .8. americanaswere exposed at
approxirnately the same stage of hind limb devel-
opment, Ggsner stages 34 to 36 1231. However, as
a result of their-longer and slower development, R.
pipieru tadpoles varied more in hind limb develop-
ment (Gosner stages 32-39 t23l) when they were ex-
posed to the three permethrin levels.

Twenty-tio-hour exposure to subleth,al doses.
We compared sublethal effects of pyrethroids on
newly hatched anuran tadpoles and A. maculatum
larvae. Fenvalerate, a type II pyrethroid, was com-
pared with permethrin. A total of 480 newly
hatched tadpoles of both R. pipienr and R. clami-
tans were exposed to 0.01 and 0.1 ppm of each py-

-) ' 
r-ethroid for 22h. Tadpoles were also exposed to a
mixture of 0.01 ppm pyrethroid and 0.1 ppm piper-
onyl butoxide, a frequently used synergist that in-
activates detoxifying enzymes of the target species,
thereby rendering the pyrethroid more effective. Ex-
posures occurred at 15oC, and half of all tadpoles
were then kept at20oC in order to determine tJre ef-
fect of temperature on rate of recovery. All tadpoles
were examined daily for 11 d following exposures,
measuring mortality and rate of recovery. To de-

,' termine rate of recovery, daily videotapes recorded
the avoidance response of each tadpole when prod-
ded gently on the side of the body. Distance cov-
ered by prodded tadpoles and the presence of

. abnormal behavior were determined from analysis
' of the videotapes.

I A similar although simplified set of experiments
was conducted on newly hatched larvae of A.
moanlaturz. Because large nurnbers of eggs were un-
available, the 0.1-ppm and the synergist exposures
were dropped, but half of the recovering larvae were
raised at I 5 oC and half at 20o C , followin g 22-h ex-
posures to the pyrethroids at 15oC.

Statistics

Statistical tests were performed using Minitabo
(State College, PA) software. Differences in extent
of abnormal behavior, abnormal growth and mor-
phology, and mortality between treatments in each
experiment were assessed using the nonparametric
Kruskal-Wallis test [24]. Strength of effect of per-
methrin concentration on extent of twisting behav-
ior and retarded growth of tadpoles that had been
exposed to permethrin as embryos were examined
using Spearman's coefficient of rank correlation
1241.

RESULTS

Acute toxicity of permethrin

Muscular response stage embryos, R. clamitans.
Despite 96-h exposures of embryos to levels of per-
methrin as high as 2 ppm at 15oC, relatively little
mortality occurred during exposure (range A-lLs/o),
and differences in mortality were not correlated
with level of exposure (Kruskal-Wallis, .F/ - 6.94,
d..f. = 6, p ) 0.05). Even 9 d following exposure,
there were no consistent differences in accumulated
mortality of hatched tadpoles (Kruskal-Wallis, F/ =
7 . 8 8 ,  d . f . : 6 , p )  0 . 0 5 ) .

However, embryos exposed to permethrin for
96 h subsequently grew more slowly. Fifteen days
after conpletion of permethrin exposure, hatched
tadpoles were significantly shorter than those that
had not been exposed (Spearman's rank correlation,
r - 0.94). Embryos that were exposed to the high-
est concentrations of 1 and 2 ppm were most af-
fected. Ten days later, most of the size differences
had disappeared Fig. 1). Operculum growth was
a second indicalor of delayed growth of exposed
tadpoles. By day 15, the operculum had grown to
cornpietely cover the gills in 9390 of the tadpoles
that had not been exposed to permethrin as em-
bryos. Tadpoles that had been exposed to 0.1 to 0.5
ppm permethrin were not delayed in operculum
growth, but significantly fewer (onty 890) of the
tadpoles exposed to 1.0 or 2.0 ppm had completed
operculum growth (Spearman's rank correlation,
r = 0.95). Exposure to permethrin therefore re-
tarded growth, at least for a period of two to three
weeks, and the higher concentrations of permethrin
had the greatest effect.

A common abnormality of tadpoles exposed to
permethrin as embryos was a deformed tail, clearly
bent out of line, which we have called "bent back."
Tadpoles recovering from 96-h permethrin expo-
sures as embryos at the muscular response stage fre-
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o.zs 0.5

Day 25

tality, despite the fact they were no longer enclosed
in potentially protective jelly. However, the same
twisting response occurred in all exposed tadpoles.
Growth following exposue was also delayed in much
the sarne way as it had been in exposed embryos:
13 d following exposure, the exposed tadpoles were
significantly shorter than unexposed tadpoles (Spear-
man's rank correlation, r = 0.91);7 d later the dif-
ferences were less pronounced tFig. 4).

Sublethal impacts of permethrin
on critical stages

Hatching success. Embryos of the four anruan
species were exposed at the neurulation stage to
0.01 to 0.1 ppm permethrin for 22h; embryos of
the green frog, R, clomitans, were also exposed at
the later muscular response and hatching stages.
Hatching success of the embryos ranged from 95 to
99s/0, comparable to the hatching success of unex-
posed embryos. Similarly, permethrin exposure did
not result in any increase in rate of occurrence of
gross abnormalities of the newly hatched tadpoles
(Tables 2 and 3).

Twisting response. In an attempt to compare the

0.2s 0.5

Day 15

quently had bent backs, and the rate of occurrence
was significantly greater in those that had been ex-
posed to 1.0 and 2.0 ppm than to lower concen-
trations (Kruskal-Wallis, J{ - 15.96, d.f.:6, p 1
0.05; Fig.2).

Tadpoles recovering from 9Gh CI(posures to per-
methrin as muscular-response-stage embryos also
behaved abnormally. An unexposed, newly hatched
tadpole darted rapidty away when prodded gently,
,traveling 4 cm or more. However, the majority of
newly hatched tadpoles that had been exposed to
permethrin responded to prodding by fwisting about
in a jerky and disorganized manner, often curling' 
up into twisting balls as they did so (Knrskal-Wallis,
H = 16.10, d,f. = 6, p < 0.05). Four days later, this

"':i abnormal response had intensified rather than di-
rninished (Fig. 3). In this case there were no obvi-

,. t; 
',. ous differences in rate of occurrence of twisting

.,,,i,1 ,,.-. behavior correlated witb concentration of perme-
' :": " thrin that the tadpoles had been exposed to as

embryos.
Newly hatched tadpoles, R. clamitans. Newly

hatched tadpoles exposed for 96 h to the same range
of concentrations of permethrin suffered no mor-

Concentration of permethrin (ppm)

Fig. I . Mean lengths of tadpoles of R ana clamitats that were exposed to permethrin as embryos (muscular response
;: stage) at l5oC, for 96 h, and measured 15 and 25 d after conclusion of exposure. Results of control and carrier-contol
:-'treatments are pooled. Sample sizes ranged from 60 to m. Error baJs are standard deviations.
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Concentration of permethrin (ppm)

Fig. 2. Mean percgntage of Rana clamitarc tadpoles with bent backs hatching from embryos that were exposed to
permethrin at 15oC for 96 h at the muscular response stage. Ten tadpoles were exposed in each treatment. Eiror bars
represent standard deviations of triplicate experiment. Control and carrier+ontrol data are pooled.

0.5 1.0

Day 1 Day 5

Concentration of permethrin (ppm)

Fig. 3. Mean percentage of trvisting response of Rana clamitarc tadpoles hatched from embryos exposed to permethrin
at l5oC for 96 h at muscular response stage. Ten tadpoles were exposed in each treatment. Error bars represent stan-
dard deviations of triplicate experiment. Control and carrier-control data are pooled.
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Day 13 uaY zv

Concentration of permethrin (ppm)

Fig. 4. Mean snout-vent lengths of Rana clamitunstadpoles measured 13 and 20 d after exposure as newly hatched

tadpoles to permethrin at l5t for 96 h. Ten tadpoles tnir. expose_d in each treatment. Error bars represent standard

*"irti""r of tripli.ute experiment. Control and carrier-control data are pooled.
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sensitivity of the three stages of R. clamitans em-
bryos exposed to permethrin, we assessed the extent
of occurrence of the abnormal twisting response of
hatched tadpoles. Newly hatched tadpoles that had
been exposed as neurulation stage embryos to 0.01,
0.05, and 0.1 ppm permethrin for 22 h showed no
significant twisting response to prodding, compared
with O-ppm controls, 7 d after their exposure
(Kruskal-Wallis, l{ : 6.U, d.f. = 4, p > 0.05;
Fig. 5). Exposed at the muscular response stage, sig-
nificant levels of twisting occurred 7 d later :Lmong
tadpoles that had been exposed to 0. I ppm (Kruskal-

Wallis, f{ - t0.92, d.f.= 4, p <0.05). Exposed at
the last stage before hatching, significant levels of

twisting occurred 7 d later among those tadpoles
that had been exposed to both 0.05 and 0.1 ppm
(Kruskal-Wallis, H - 10.45, d.f.- 4, p.< 0.05). De-
spite obvious differences in the age of the tadpoles
when assessed for the twisting response, it appears
that the later the embryo was exposed, the more
likely behavioral abnormalities (twisting) persisted

a week later. Moreover, the older the embryos, the
more sensitive they appeared to be to lower concen-
trations of permethrin.

Table 2. Comparative percentage of hatching success of anuran embryos following exposure to permethrin

Day 2Q

Bufo americanus
neurulation

(n  =  45)

Rsna sylvatica
neurulation
(n  =  150)

R. pipiens
neurulation

(n  =  65)

Treatment V o h vlo a 9 o h slo a 9 o h tlo a

Control
Carrier control
0.01 ppm
0.05 ppm
0.1 ppm

Eachnumberisameanofthreerepl icates(rangeinparentheses);h-hatch; a=abnormal; n=nurnberpertreatment

replicate; * = singi.le samPle.

e6 (e5-97)
96 (e2-100)
98 (94-loo)
e8 (97-100)
g8*

7 (3-e)
3 (0-6)
8 (7-11)

t2 (3-2r)
7r

98 (e6-ee)
e8 (9?-ee)

e6 (e2-99)
ee (ee-ee)

2 (1-3)
3 (24)

2 (r-2)
2 (2-3)

e4 (83-100)
98 (97-100)
98 (e7-100)
99 (97-100)
9r (77-100)

8 (5-10)
e (5-11)

l1 (8-14)
7 (5-e)
6 (+e)
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Table 3. Comparative p€rcentage of hatching success of embryos of Rana clamitans following exposure to
permethrin at three different developmental stages

R. clomitans

Treatment

Neurulation (n - 75) Muscular response (n =75) Hatching (n = 50)

9 o h vlo a 7 o h slo a vlo h slo a

Control
Carrier control
0.01 ppm
0.05 pprn
0.1 ppm

97 (95-100)
e7 (e6-e8)
97 (e6-99)
e8 (e6-ee)
97 (e7-97)

9r (86-ee)
e3 (88-e8)
95 (e3-e6)
e6 (el-ee)
95 (94-e5)

3 ( l -5)
3 (0-5)
4 (0-7)
4 (4-s)
| (t-2)

3 (2,4)
3 (2-s)
2 (L-3)
2 (04)
4 (l-6)

e2 (82-9e)
97 (96-100)
97 (94-e8)
e8 (e7-98)
98 (e7-r00)

3 (2-4)
2 Q-4)
l (0-2)
2 (2-3)
I (0-3)

Eachnumberisameanofthreerepl icates(rangeinparentheses); h=hatch; a=abnormal; n=numberpertreatment
replicate.

Success at metamorphosis: R. pipiens and B.
americanus. Some mortality of R. pipiens tadpoles
possessing hind legs (Cosner stages 32-39) exposed
to 0.05 or 1.0 ppm permethrin for 22h occurred
during the first 2 d of recovery following exposure
(Table 4). Disoriented behavior, indicated by swim-
ming upside down or sideways, was also particularly
frequent in ihose exposed to 0.1 ppm. Almost all
of those that survived past the first 2 d following
exposure lived to rnetamorphose successfully. Mor- ;
tality of B. americanus tadpoles (Gosner stages 34-
36) exposed for 22hto 0.05 and 1.0 ppm permethrin

was considerably greater than mortality at 0.01
ppm, indicating a dosage effect (Fig. 6) and a
greater sensitivity than R. pipiens tadpoles. Varia-
tion in stage at time of exposure made measurement
of time to metamorphosis for both species mean-
ingless. However, tadpoles exposed to 0.05 and 0.1
ppm fed little for one to two weeks following ex-
posure to permethrin, as indicated by untouched
boiled lettuce on the bottom of their containers each
day. A delay in subsequent metamorphosis is highly
likely to have occurred. Tadpoles exposed to 0.01
ppm recovered rapidly, appearing normal in behav-
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Table 4. Percentage of mortality, abnormal behavior, and success at metamorphosis of Rana pipiens tadpoles

following 22-h exposure to permethrin during development of hind limb

Permethrin concn. (ppm)

0.0 (+carrier) 0.01 ppm 0.05 ppm 0.1 ppm0.0

Disoriented by exposure
Dead within l-Z d after exposure
Died at metamorPhosis
Successful metamorPhosis

0
0
0

r00

0
0
0

r00

0
0
4.5

95.5

9
13 .6
0

77.3

43
t7 .4
4.3

78.0

Repiicates are pooled, resulting in sample sizes of 22 to M.

ior and eating within a day after their exposure to
permethrin.

Comparative toxicity of permethrin
and fenvalerate

Rana pipiens andR. clamitans. Tadpoles of both
species were exposed for 22 h to 0.01 and 0.1 ppm
of each of the pyrethroids with and without 0.1 ppm
of the synergist piperonyl butoxide. Occasional
deaths occurred throughout the treatments, reach-
ing a total of 15, but never more than one mortal-
ity per jar. Immediately following exposure to the
pyrethroids, few tadpoles were able to respond nor-
mally to prodding by darting away. Instead, the vast
majority responded by twisting without accomplish-
ing much if any forward motion. As the tadpoles
recovered, they gradually twisted less and as a re-
sult swam further when they were prodded (Figs.
7 and 8).

The two ranids recovered at comparable rates

from exposure to the two pyrethroids. The only in-
dication of any difference between the species was
thatR. pipiensrecovered more quickly at 15oC fol-
lowing exposue to 0.01 ppm fenvalerate than did
tadpoles of R. clamitans. Otherwise, the two pyre-
throids appear to have been equally effective in in-
ducing abnormal behavior in exposed tadpoles,
although tadpoles consistently recovered more
quickly following exposure to fenvalerate than to
permethrin. The presence of 0.1 ppm of the poten-
tial synergist, piperonyl butoxide, h association
with 0.01 ppm perrnethrin or fenvalerate, had no
noticeable effect on the rate of recovery of tadpoles
of either species at either 15 or 20"C. Rate of re-
covery was clearly related to the concentration of
pyrethroid that the tadpoles were exposed to, as well
as to temperature of recovery. Almost all tadpoles
recovered from 0.01-ppm exposures at both 15 and
20'C and from 0.l-ppm exposures at 20oC. Essen-
tially no recovery of tadpoles exposed to 0.1 ppm
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occurred at l5oC, and in fact most tadpoles became
less responsive over the 1l-d recovery period. Re-
covery was more rapid in all cases at 20 than at
l5oc. For example, 3 to 4 d was sufficient for most
ranid tadpoles to recover at 20"C from 0.01-ppm
exposures, compared with 1l d at 15oC. In both
ranid species; recovery from 0.1-ppm exposures oc-
curred only at 20oC.

Ambystoma maculatum larvse. In contrast to
the situation with anuran larvae, the newly hatched
larvae of the salamander A. maculqtumwere more
sensitive than the ranids, showing little recovery at
15"C from 0.01-ppm exposure to either fenvaler-
ate or permethrin by the end of the 1l-d recovery
period (Fig. 9). Their recovery at 20oC was also con-
siderably slower than ranid recovery under the same

U)

€ 1 0

G
E 8(u
(g
q 6

o
< u 4
-o
E
: f )

c
(!
c)

15'C 2o"c

control
canier

0.01ppm
permethrin

0.01ppm
lenvalerate

4  5  6  7  8  9  1 0  1 1

Number of days after exposure
I

Fig. 9. Recovery of newly hatched Ambystoma maculatumlarvae at l5 and 20oC, following 22h exposure to 0.01
ppm permethrin or fenvalerate. Unshaded bars represent mean number of larvae that, when prodded, darted at least
4 cm away. Shaded bars represent mean number of larvae that moved <2 cm when prodded. Ten larvae were exposed
in each treatrnent. Error bars indicate standard deviations of triplicate experiment. The solid black lines indicate the
mean number of tadpoles that responded normally when prodded, that is, did not twist. Control and carrier-control
data are nooled. A l imited carr ier effect is annarent at l5o(-

) 0



Amphibian sensitivity to pesticides 537

stages. Because pyrethroids apparently act primar-
ily on sodium and calcium channels in nervous tis-
sue, the greater sensitivity of the late-stage embryos
probably reflects the more differentiated state of the
nervous system.

The differences between the five species in sen-
sitivity to pyrethroid exposure were more striking.
Newly hatched R. clamitaru tadpoles recovered
more slowly than R. pipiens following exposure to
low levels of both pyrethroids. Older tadpoles of .8.
americanlz-r were also more sensitive than R. pipiens
tadpoles of approximately the same stage; however,
they were also smaller than the R. pipiens tadpoles,
and the size difference confounded what appeared
to be a species difference in sensitivity. Larvae of
the salarnander A. maanlatum, most sensitive of the
organisms that we tested, either recovered far more
slowly than the R. pipieru or R. clamitans tadpoles
following exposure to the pyrethroids or failed to
recover at all.

These differences in sensitivities to pyrethroid
exposures reflect similar differences of the sarne
species to exposure to low pH. The embryo stages
of amphibians appear to be particularly sensitive to
low pH exposure, and various sfudies indicate that
B. americanus is somewhat more sensitive than R.
clamitans, whereas A. maculatun is considerably
more sensitive than both anuans t281. There are
insufficient data available to comment on the sen-
sitivity of R. pipiens to low pH. However, R. syl-
vatica, whose distribution extends far into the
north, is particularly tolerant of low pH exposure.
It should be a suitable species for fwther testing the
hypothesis that a species more tolerant of one con-
taminant may also be more tolerant of a quite dif-
ferent contaminant.

The amphibian community appears to be ap-
proximately as sensitive as fish to sublethal expo-
sure to pyrethroids. Like fish [29], the amphibians
are affected by concentrations as low as 0.01 ppm
and fail to eat following exposure. Fenvalerate is
considered more toxic to fish than permethrin [30],
but our data suggest that permethrin is the more
toxic of the two to newly hatched amphibians. Par-
ticularly interesting is the lack of any synergistic ef-
fect of piperonyl butoxide on the toxic action of the
pyrethroids, indicating a deficiency in the enzyme
system that hydrolyzes pyrethroids. Poor biotrans-
formation ability is also typical of fish t141. It is at
least part of the reason fish are so much more sen-
sitive to pyrethroids than are mammals and birds,
and it probably accounts for a portion of the greater
sensitivity of amphibians as well. However, the re-

conditions. Although we found no evidence of any
effect of the carrier (acetone) used to dissolve the
pyrethroids throughout our experiments with the
anurans, a short-terrn, low-level effect appeared to
occur in A. maculatumtreatments at l5"C: Several
larvae per carrier-control treatment appeared to be
affected for several days following exposure.

DISCUSSION

Embryos and newly hatched tadpoles of the
four anurans, as well as larvae of the salamander
A. maculatum, clearly are unlikely to be killed by
short-term exposure to low concentrations of py-
rethroifu. Despite concentrations raised to environ-
mentally unrealistic levels of I to 2 ppm for 96 h,
embryos and newly hatched tadpoles did not die.
If mortality or hatching success were our only mea-
sure of response to pyrethroid exposure, we would
conclude that these amphibians were relatively tol-
erant of pyrethroid pesticides.

However, the sublethal effects that we witnessed
are likely to have serious implications on the long-
term success of the exposed individuals. For exam-
ple, slower growth of tadpoles following pyrethroid
exposue may result in delayed metamorphosis and
perhaps smaller size at metamorphosis. Any delay
in growth or metamorphosis may result in failure
to outgrow potential predators rapidly enough [25],
failure to transform before disappearance of an
emphemeral habitat, and risk of a shorter growing
season as a young metamorph. The more dramatic
response following even low levels of pyrethroid ex-
posure is the twisting and apparent partial paraly-
sis of the anuran tadpoles and salamander larvae
when prodded. The twisting response is so obvious
and so abnormal that it should prove to be a use-
ful "indicator-behavior" [5] in field work on behav-
ioral toxicology. The avoidance or antipredator
responsb of tadpoles and larvae at least usually in-
cludes an ability to dart away [26,271, and the loss
of this ability renders the tadpoles and larvae more
susceptible to predation. Although recovery may
take only I d at Z}"C following exposure to a low
level of pyrethroid, even a few hours of greater vul-
nerability rnay be critical. When recovery takes a
week or more, vulnerability will be correspondingly
greater.

Despite the general similarity in sensitivity of the
amphibians to pyrethroid exposure, differences in
sensitivity between embryonic stages and between
species still occurred. Older, more developed em-
bryos, at least of R. clamitans, il€ more sensitive



538 M. BEnnILL ET At.

15"C in our experiments implies that some temper-
ature-dependent biotrans formation does still ocsur.

Because the pyrethroids are more effective at
lower temperatures, the response of the amphibian
community to unintentionhl pyrethroid exposures
is likely to be correlated with the timing, and there-
fore the temperature, of exposure. In southern On-
tario, species that breed in the cooler temperatures
of spring and early summer, such as.B. americantu,
R. sylvatico, and the small hylids Pseudacris cru-
ctfer and P. trtseriata, should be more affected by
pyrethroid exposure than those breeding and grow-
ing to metamorphosis in the wanner temperatures
of midsummer, such as R. pipiens and the gray tree
frog Hylo versicolor. However, the spring breed-
ers may complete their early development before
times of potential spraying. Both R. clamitans and
the bullfrog, R. catesbeiana, ful to complete the
tadpole part of their life cycles before autumn over
much of their ranges and may experience repeated
exposures to the pesticides.

Response of an amphibian community to pyre-

throid (or any contaminant) exposure will be depen-
dent on both environmental and biotic factors
present at the time of contamination. Nonetheless,
the amphibians, at least in their aquatic stages, are
likely to be sensitive to low-level contamination
events. We intentionally chose the safest pesticides
we were aware of to represent pesticide conta:nina-
tion. Even such apparently safe chemicals will have
to be used with care and, wherever possible, coinci-
dental with warm midsummer conditions. Their im-
pact on nontarget species such as amphibians is still
likely to be significant.
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