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Abstract—The effect of exposure duration on the toxicity of a forest insecticide (carbaryl) was assessed under environmentally
realistic exposure regimes against two stream invertebrates indigenous to the United States Pacific Northwest, Calineuria californica
(Plecoptera: Perlidae) and Cinygma sp. (Ephemeroptera: Heptageniidae). Laboratory bioassays were conducted to evaluate the
relationship between pulsed exposures of 15, 30, and 60 min and toxicity for a range of chemical concentrations (10.2–1,730 mg/
L). For Cinygma sp., the 50% lethal concentration (LC50) values were calculated as 848 mg/L (15 min), 220 mg/L (30 min), and
165 mg/L (60 min). The C. californica consistently had lower mortality at a given concentration compared with Cinygma sp.
Fifteen- and 30-min exposures did not elicit 50% mortality with C. californica, and it had a 60-min LC50 of 1,139 mg/L. Time to
50% mortality over 96 h after a 15-, 30-, or 60-min exposure, with the rest of the test period in freshwater (PLT50), was a function
of exposure duration and concentration. Analysis of symptomology throughout the test period for C. californica gave evidence of
recovery from the knockdown and moribund states, but this was not the case for Cinygma sp. The pulse duration resulting in 50%
mortality was calculated as 43 min for Cinygma sp. exposed at 204 mg/L and 16 min at 408 mg/L. A three-dimensional probit
plane model [Y 5 210.86 1 4.83(ln C) 1 3.0(ln T)], where Y is probit mortality, C is concentration in mg/L and T is time in
hours, was used to explain the interaction between concentration (mg/L) and duration of exposure (hours) for Cinygma sp.
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INTRODUCTION

Pesticide spray drift or runoff from agriculture or forestry
may result in pulsed inputs to waterways [1]. Stream organisms
may be exposed to pulses of pesticides that cause toxic effects
despite the fact that maximum concentrations are present for
only a short time before attenuation [2]. Gradual dissipation
of the pesticide pulse occurs as a result of stream flow, hy-
drological dilution, and habitat and streambed characteristics
that determine the degree of partitioning from water to air or
sediments [3,4]. As the chemical moves downstream, organ-
isms may be exposed to progressively lower pesticide con-
centrations but for longer periods of time [1,3]. Pulses of wide-
ly used pesticides may, however, combine as stream channels
merge, thus extending the duration of exposure of organisms
in higher order streams that are downstream from the spray
application.

Exposure assessment is a component of ecological risk as-
sessment in which the contact between the pollutant and or-
ganisms in the environment is described and quantified [5].
Regulatory testing procedures that are designed to estimate
the risks associated with exposure to pesticides in stream hab-
itats should take into account the temporal dynamics of ex-
posure that are unique to stream systems. The majority of
standardized laboratory tests for aquatic macroinvertebrates,
developed for regulatory purposes, use either a constant chem-
ical concentration for a preset exposure duration or allow the
pesticide to dissipate within a closed system over the duration
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of the bioassay (i.e., 24, 48, or 96 h) [6,7]. Although these
tests form the basis of tier-one testing, in which the primary
goal is to determine if effects are possible, additional testing
may be needed to evaluate whether effects could occur under
more realistic conditions of exposure.

Tests with more realistic exposure regimes provide a more
accurate exposure–response model, where the pattern of ex-
posure (concentration vs time profile) is as similar as possible
to that encountered in the field [8,9]. Pulse-exposure tests have
been advocated for use in risk assessment in order to more
accurately evaluate effects that may occur under natural ex-
posure conditions while retaining the advantages of simplicity
and repeatability associated with single-species laboratory
tests [10–15].

The purpose of this study was to determine the relationship
between exposure time, concentration, and toxicity using car-
baryl, a carbamate insecticide, and two aquatic insects native
to the Pacific Northwest, Calineuria californica (Banks, 1905)
(Plecoptera: Perlidae) and Cinygma sp. (Eaton, 1885) (Ephem-
eroptera: Heptageniidae). These macroinvertebrates were se-
lected as representatives of the Oregon, USA, stream fauna
[16]. Analysis of community sensitivity statistics based on 96-
h 1% lethal concentration (LC1) values for six indigenous
macroinvertebrate species, including these two [16], revealed
that the 95% protection level (HC5, hazardous concentration
to 5% of the theoretical community based on the lower 95%
confidence limit [HC5/95]) [17] fell within the range of car-
baryl concentrations that are detected in Oregon streams
[18,19]. This study aimed to evaluate toxic effects under more
realistic exposure regimes to provide insight into the level of
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Table 1. Treatment concentrations and durations for Calineuria californica and Cinygma sp., including tolerance values that set the dose range

Test organism
Body size

(mm)
96-h LC50 (mg/L)

(6SD)a
Test concentrations

(mg/L)
Exposure times

(min)

Plecoptera: Perlidae
Calineuria californica (Banks, 1905)

Ephemeroptera: Heptageniidae
Cinygma sp. (Eaton, 1885)

8.4

8.8

17.3 (14.06–20.2)

11.1 (7.7–13.9)

17.3, 173, and 1,730

10.2, 102, 204, 408, and 1,020

15, 30, 60

15, 30, 60

a LC50 value calculated in Peterson et al. [16]; SD 5 standard deviation.

Fig. 1. Exposure cage used to expose aquatic organisms briefly to
pesticides. Mesh cages allowed a transfer from a flask containing
pesticide to one containing freshwater without damaging the organ-
isms.

uncertainty that is associated with risk assessments based on
96-h, continuous-exposure tests. The objective of this research
was to vary both pesticide exposure time and concentration
in order to investigate the toxicity of brief exposure events
more characteristic of pesticide exposure in forest stream sys-
tems. To enable the data to be comparable with previous con-
tinuous-exposure tests [16], the experiments used the same
flask bioassay system, running under identical conditions, with
the same basic regime of observations and a 96-h endpoint.

MATERIALS AND METHODS

Test organisms

The test species were field-collected stonefly and mayfly
nymphs, C. californica and Cinygma sp., respectively. These
species were selected because they are representative of
Oregon stream communities during the application season for
pesticides in forestry. They are also highly abundant, facili-
tating their use in toxicity tests [16]. The organisms were
collected in the autumn of 1998 from two different stream sites
in western Oregon, USA. Cinygma sp. was collected from
Gleason Creek, a first-order headwater stream, and C. cali-
fornica was collected from the Alsea River. Every effort was
undertaken to ensure the correct species was used; however,
confirmation of identification was made for all organisms at
the end of the test period.

Organisms were transported in chilled and aerated water to
the laboratory, where they were transferred to holding tanks.
The tank system provided the chilled (108C), oxygenated
groundwater required to maintain stream insects in the labo-
ratory [20]. Organisms acclimated for at least 24 h prior to
testing in order to eliminate individuals injured during collec-
tion and transport. No food was provided over the 24 h prior
to testing.

Chemicals used

Formulated carbaryl (Clean Cropt, Platte Chemical, Fre-
mont, NE, USA, emulsifiable concentrate (EC), 43% active
ingredient (a.i.), w/v) was obtained for this study. Stock so-
lutions were prepared and stored according to a previously
described methodology [16]. Stock solutions were subsequent-
ly diluted to the appropriate test concentrations (Table 1). Car-
baryl has been found to be moderately toxic to aquatic or-
ganisms in acute tests [21] and has predictable dose-dependent
symptomology and toxic effects, including hyperactivity, in-
coordination, convulsions, paralysis, and death [22]. It is also
detected in stream waters in Oregon, and this investigation
provided further quantitative analysis of the risks that it might
pose to aquatic macroinvertebrates.

Test methodology

The water in laboratory holding tanks and test systems
(stock and test solutions) was obtained from a groundwater

source located at the U.S. Environmental Protection Agency’s
Western Research Station (Corvallis, OR). Water hardness, pH,
and temperature were measured before and after testing ac-
cording to American Society for Testing and Materials stan-
dards [6]. Hardness of the test water ranged from 30 to 40
mg/L and pH from 7.37 to 7.87.

A flask bioassay system [16] was used to expose organisms
for a range of fixed times to carbaryl. The system consisted
of a series of 250-ml Erlenmeyer flasks, chilled to 10 6 0.58C
in a water bath. Water in each flask was oxygenated using
airstones (inflow), and the air outflow was routed through an
activated charcoal filter to absorb pesticide vapor in the exhaust
gases. Loss of carbaryl was unlikely to have been significant
in the low water temperature and pH of the test system. This
conclusion is supported by the Henry’s Law constant (2.65 3
1027) [23], which falls in the midrange for pesticides, and
particularly by the short durations used in this study.

The test concentrations were the statistically derived LC50,
10 times the LC50, and 100 times the LC50 (Table 1) for each
organism obtained from a 96-h continuous-exposure study
[16]. For Cinygma sp., two additional intermediate concen-
trations (204 and 408 mg/L) were tested because organism
availability was not limiting. Availability was limited for C.
californica, and numbers of test concentrations were therefore
smaller. The test organisms were exposed for 15, 30, and 60
min at each concentration. Test concentrations were not rep-
licated.

At the start of testing, organisms were removed from the
holding tanks and distributed randomly into mesh exposure
cages. These were designed to transfer stream organisms from
exposure flasks containing insecticide to observation flasks
containing fresh water without damaging or stressing the or-
ganisms excessively (Fig. 1). Up to 10 organisms were placed
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Table 2. Percentage mortality and estimates of lethality (LC1a, LC50b) at 96 h for Calineuria californica
and Cinygma sp. exposed to carbaryl for periods of 15, 30, or 60 min and then transferred to clean

water

Concentration (mg/L)

96-h % mortality and LC1 and LC50 estimates
after the exposure period (695% CL)c

15 min 30 min 60 min

Calineuria californica
17.3

173
1,730

30.0
0

22.2

0
14.3
30

0
12.5
60.0

LC1 estimates (mg/L)
LC50 estimates (mg/L)

Slope

—
—
—

—
—
—

31.1 (0–152.3)
1,139.4 (370.0–15,410.0)

2.48
Cinygma sp.

10.2
102
204
408

1,020

0
0
0

33.3
100

10.0
10.0
22.2

100
100

0
10.0
77.8

100
100

LC1 estimates (mg/L)
LC50 estimate (mg/L)

Slope

14.7d

848d

2.89

13.0d

220d

3.8

61.0 (15.6–91.0)
165 (124–232)

3.36

a Lethal concentration to 1% of the test population.
b Lethal concentration to 50% of the test population.
c Confidence limits included where calculable. Dashes indicate 50% mortality was not reached during

test period; LC50 and slope values could not be calculated.
d Insufficient data for the calculation of confidence limits; significant heterogeneity at p , 0.05 using

the x2 test for heterogeneity.

in each cage, depending on organism availability. The cages
were then lowered into exposure flasks, where they remained
for the appropriate time period (15, 30, or 60 min). At the end
of the exposure period, the cages were removed, rinsed three
times in fresh water, and placed in flasks containing fresh water
for the remainder of the 96-h test period. Control organisms
for each test period were subjected to the same transfer process
in order to evaluate handling effects. Assessments of knock-
down, the moribund state, and mortality were made throughout
the test observation period. Knockdown was defined as the
inability of the insect to hold onto and maintain position within
the test cages. The moribund state was characterized by a lack
of significant movement with the exception of characteristic
twitching of the legs and mouth parts. Mortality was deter-
mined by absence of movement of the body, mouth parts, or
gills after stimulation. At 96 h, the organisms were removed
from the cages, evaluated, and preserved in 80% ethanol for
confirmation of identification.

Statistical treatment

Five analytical methods were used to explore the data.
Method 1 (calculation of lethal estimates) enabled quantitative
comparisons between the results of continuous-exposure bio-
assays and the pulsed-exposure assays in the present research.
Lethal concentration estimates to 1% and 50% of the test pop-
ulation for the two test organisms were determined by probit
analysis [24] using SPSSt software [25]. Method 2 (analysis
of symptomology) enabled trends in recovery as a function of
exposure duration to be calculated. Method 3 (analysis of lethal
times in each dose/duration treatment [PLT50]) determined the
time for lethal effects to take place in each treatment. Method
4 (duration of pulsed exposure to give 50% mortality at 96 h)
enabled estimation of the time it would take for lethal doses
to be accumulated. Finally, method 5 (probit plane analysis)
was used to generate a model that predicted mortality at 96 h

for different combinations of dose and exposure. This final
analytical step enables tentative extrapolation to field condi-
tions.

RESULTS

LC50 analysis

Lethal concentrations (LC50) for exposure durations of 15,
30, and 60 min at 96 h were determined by probit regression
analysis [24] using SPSS software [25]. Percent mortality val-
ues at 96 h after 15-, 30-, or 60-min exposures increased as
exposure time increased for both organisms (Table 2). The
proportion dead for Cinygma sp. was consistently greater than
C. californica exposed for the same amount of time and at
similar concentrations. This was despite the fact that LC50
values for 96-h continuous exposure were similar for both
species (LC50 [95% confidence limits]: Cinygma, 11.1 mg/L
[7.7–13.9 mg/L], and C. californica, 17.3 mg/L [14.1–20.2 mg/
L]) [16]. Control mortality was 0% in all test runs for both
organisms.

For Cinygma sp., the relationship between LC50 and the
duration of exposure was curvilinear (Fig. 2). The C. califor-
nica LC50 values could not be calculated for 15- and 30-min
exposures because 50% mortality was not reached in any test
concentration (Fig. 3). We assume the 15-min 17.3 mg/L mor-
tality of 30% was an anomaly because no mortality occurred
at the 30- and 60-min exposure times at the same concentra-
tion. Sixty-minute LC50 values were, however, significantly
different between species (p , 0.05), with Cinygma sp. being
more sensitive than C. californica (Table 2).

Analysis of recovery

Analysis of the symptomology of carbaryl intoxication
showed that significant recovery did not occur after the ap-
pearance of effects for Cinygma sp. The majority of organisms
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Fig. 2. Cinygma sp. lethal concentrations to 50% of the test population
(LC50) for a 15-, 30-, and 60-min pulsed exposure to carbaryl. Open
symbols indicate where confidence intervals could not be calculated.
The 96-h value is from Peterson et al. [16].

Fig. 4. Calineuria californica symptomology over the 96-h test period
after a (A) 15-, (B) 30-, or (C) 60-min exposure to a carbaryl con-
centration of 1,730 mg/L.

Fig. 3. Calineuria californica lethal concentrations to 50% of the test
population (LC50) for a 15-, 30-, and 60-min pulsed exposure to
carbaryl. The 96-h value is from Peterson et al. [16].

exhibiting knockdown or the moribund state at the first as-
sessment after exposure eventually died during the recovery
period in fresh water. Symptomology analysis for C. califor-
nica, however, provided evidence for recovery 5 h after 15-,
30-, or 60-min pulsed exposures to high concentrations (e.g.,
for 1,730 mg/L; see Fig. 4A to C and Peterson [20]).

Lethal times for pulsed exposures: PLT50

Probit analysis was used to determine LT50 values (lethal
time to 50% mortality over the 96-h test period) for all com-
binations of dose and duration of exposure that gave graded
lethal responses spanning 50% mortality over the 96-h as-
sessment period for each assay. The data for mortality at each
assessment time over 96 h were analyzed by probit regression.
This was termed the PLT50 to indicate pulsed exposure fol-
lowed by a recovery period in uncontaminated water. For Cin-
ygma sp., up to seven mortality values could be included in
the analysis (i.e., data for assessments at 0.5, 1.0, 5, 24, 48,
72, and 96 h) (Table 3). For C. californica, there were only
two assessment times (0.5 and 96 h) and PLT50 values were
estimated graphically.

Lethal time (PLT50) values decreased with increasing con-
centration for both species tested. Values for Cinygma sp. were

lower than for C. californica exposed at similar concentra-
tions. For example, the 60-min, 1,020-mg/L PLT50 for Cin-
ygma was 1.62 h (97 min), while the 60-min, 1,730-mg/L
PLT50 for C. californica was 81 h (Figs. 5C and 6C, respec-
tively). The PLT50 values for Cinygma sp. at 1,020 mg/L and
both 30- and 60-min pulses were significantly lower than the
408-mg/L PLT50 values at 30 and 60 min and the 204 mg/L
PLT50 at 60 min.

Graphical analysis was used to compare trends in PLT50
values from the present study and LT50 values from 96-h
continuous-exposure bioassays reported in Peterson et al. [16]
(Fig. 5A to C for Cinygma sp. and Fig. 6A to C for C. cali-
fornica). For both species, mortality values did not exceed
50% across a wide range of concentrations that yielded LT50
values in the 96-h continuous-exposure investigation. For Cin-
ygma sp. with 15-min pulses, exposure was nonlethal at 10.2,
102, and 204 mg/L (Fig. 5A), and effects were limited at 408
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Table 3. Time (hours) to 50% mortality for Cinygma sp. and Calineuria
californica after an exposure duration of 15, 30, or 60 min, with the

remainder of the 96-h test period in clean water (PLT50)

Concentration (mg/L)

PLT50 (hours) after the given exposure time
(minutes) (695% CL)a

15 min 30 min 60 min

Calineuria californica
17.3

173
1,730

—
—
—

—
—
—

—
—

81.0b

Cinygma sp.
10.2

102
204
408

1,020

—
—
—
—

0.56c

—
—
—

20.4 (9.0–29.7)
1.62 (0.003–4.2)

—
—

18.0 (6.1–30.2)
20 (8.5–28.6)
1.62 (0.003–4.2)

a Confidence limits included where calculable; dashes indicate values
not calculated because organisms did not reach 50% mortality during
test period.

b Value estimated graphically.
c Insufficient data for the calculation of confidence limits.

Fig. 5. Lethal time to 50% mortality after a pulsed exposure with the
remainder of the test period in freshwater (PLT50) for Cinygma sp.
after a (A) 15-, (B) 30-, or (C) 60-min exposure to carbaryl. As a
basis for comparison with the trends observed in continuous testing,
the solid line denotes lethal time to 50% mortality (LT50) values
calculated in 96-h tests reported in [16]. Solid diamonds represent
PLT50 values obtained in pulsed-exposure tests, solid squares indicate
tests where 50% mortality was not reached, and open squares indicate
tests where 0% mortality resulted during the 96-h test period. Symbols
that occur within the range of the curve but that fall below it indicate
effects that are lower than would have been found under continuous
exposure at the same concentration.

mg/L. Lethal time (PLT50) values at 1,020 mg/L for 30- and
60-min exposures fell below the LT50 value from continuous
exposure; however, this difference was not statistically sig-
nificant based on the regression model reported in [16] (p .
0.05) (i.e., the LT50 at 1,020 mg/L, predicted from the re-
gression model for LT50 [h] vs log concentration [mg/L] in
[16], was 0.6 h [30 min] and the PLT50 at 1,020 mg/L [6
95% confidence limits] for both 30- and 60-min pulses was
1.62 h [0.003–4.2]).

Over 30- and 60-min pulsed exposures, the trends were
similar, with a number of doses failing to elicit 50% mortality
in pulsed tests within the range that would be lethal and gen-
erate an LT50 value over continuous exposure. Intermediate
concentrations gave PLT50 values that exceeded the 96-h con-
tinuous values, and PLT50 values at higher concentrations
were closer to the continuous-exposure LT50 values.

For C. californica, all combinations of dose (17.3, 173,
and 1,730 mg/L) and exposure time (15, 30, and 60 min) were
nonlethal or did not reach 50% mortality, with the exception
of the 60-min 1,730 mg/L (Fig. 6C). The PLT50 value in this
treatment was greater than the LT50 value from continuous
testing. Exposure over shorter periods, even at these high con-
centrations, failed to elicit significantly toxic effects, sug-
gesting again that rates of uptake may be low for this species
over short, pulsed exposures.

Duration of exposure to 50% mortality

Lethal response data for organisms exposed to specific con-
centrations for different periods allowed for calculation of the
exposure time needed to elicit 50% mortality at a given con-
centration. The 96-h mortality data and pulse durations at each
concentration were analyzed by probit analysis. This analysis
was only possible for Cinygma sp. exposed at concentrations
of 204 and 408 mg/L, where responses spanned mortality rang-
es that could be analyzed over different exposure times. Con-
centrations higher than 408 mg/L elicited 100% mortality at
all exposure times, while some concentrations lower than 204
mg/L failed to elicit 50% mortality. This is indicative of a steep
dose–response curve.

In order to elicit a 50% response over 96 h at 204 mg/L,
Cinygma sp. would have to be exposed to carbaryl for 43 min.

Increasing the concentration to 408 mg/L results in this ex-
posure time falling to 16 min. The exposure duration required
to elicit 50% mortality over 96 h at concentrations tested above
408 mg/L was estimated to be less than 15 min. These estimates
were consistent with measurements derived from sequential
assessments during continuous 96-h exposure at these con-
centrations [20].

It is logical that the values for time to 50% effect are shorter
in duration than the calculated PLT50 values. The times es-
timated by method 4 provide an estimate of how long it takes
for a sufficient dose of pesticide to be accumulated for 50%
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Fig. 6. Lethal time to 50% mortality after a pulsed exposure with the
remainder of the test period in freshwater (PLT50) for Calineuria
californica after a (A) 15-, (B) 30-, or (C) 60-min exposure to car-
baryl. Symbols are the same as in Figure 5.

Table 4. Model parameter estimates for the probit plane model
developed to explain the interaction of concentration (mg/L) and

duration of exposure (hours) on percent mortality

Parameter
Regression
coefficient

Standard
error

Pearson Chi
square

(df)

Concentration (mg/L)
Duration of exposure (hours)

4.83
3.0

0.942
0.605

6.78 (17)

Fig. 7. Interaction of concentration (mg/L) and time of exposure
(hours) on percent mortality as predicted from the model Y 5 210.86
1 4.83 ln(C) 1 3.0 ln(T). Lines represent percent mortality at various
combinations of concentration and time.

mortality to be recorded at 96 h. The PLT50 values report the
time for lethal effects to evolve within the 96-h assessment
period based on direct observations during the period in fresh
water. The time to appearance of symptoms tends to be con-
siderably longer than the time it takes to accumulate a lethal
dose of pesticide.

Probit plane analysis

A three-dimensional probit plane model [24,26] was used
to explore the interaction between pesticide concentration, du-
ration of exposure, and mortality. Each point on this plane
represents a particular combination of mortality, concentration,
and time. The standard equation for the probit plane model is

P 5 a 1 b ln(C) 1 d ln(T)

where P is probit mortality, C is pesticide concentration in mg/
L, and T is duration of exposure in hours.

A model was determined for the mayfly Cinygma sp. Con-
centrations used in the analysis included 10.2, 102, 204, 408,
and 1,020 mg/L with exposure durations of 15, 30, and 60

min. Estimates for mortality over 96 h of continuous exposure
were made from the probit analysis reported in Peterson et al.
[16].

The resulting probit plane model for Cinygma sp. exposed
to carbaryl is

Y 5 210.86 1 4.83 ln(C) 1 3.0 ln(T)

(Chi-squared test for homogeneity not significant, p . 0.05)
(Table 4).

This model permits mortality to be predicted from exposure
duration (hours) and carbaryl concentration (mg/L) (Fig. 7).
This approach could help quantify the level of uncertainty
associated with predicting impacts in the field, where both
parameters may vary. The zones of high risk (combinations
of dose and time that would elicit .99% mortality), inter-
mediate risk (combinations that elicit 1–99% mortality), and
low risk (where ,1% mortality is predicted) can be compared
with known data for pulse duration and environmental con-
centration. In the case of Oregon, surface-water concentration
estimates for carbaryl have not been found to exceed 2 mg/L
[18,19], and low risk is predicted over a wide range of exposure
durations for Cinygma sp.

Model validation was conducted by plotting values pre-
dicted by the model against those observed in 96-h continuous
exposure, which were not included in the probit plane analysis
(Fig. 8). The model overestimates mortality at doses that elicit
limited effects (below 60% lethal impacts) and underestimates
mortality at high concentrations. These deviations are likely
to be a result of the differing modes of exposure in the data
sets used for model generation (pulsed exposures of 60 min
or less in duration) and the data used for validation (obtained
during 96-h exposure assays).
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Fig. 8. Observed percent mortality for Cinygma sp. exposed to car-
baryl from continuous [16] and pulsed exposure plotted against per-
cent mortality expected from the model Y 5 210.86 1 4.83 ln(C) 1
3.0 ln(T).

CONCLUSIONS/DISCUSSION

The use of a postexposure observation period and a 96-h
assessment endpoint allowed the toxicity of pulsed exposures
to be compared with effects seen in 96-h continuous-exposure
bioassays. Morality decreased with decreasing exposure time
for both organisms tested. This is consistent with other studies
evaluating effects from brief exposures to carbaryl [13,27].
The use of test concentrations that were considerably higher
than those that commonly occur in the environment enabled
effects to be properly resolved and provided a basis for esti-
mating impacts at the predicted environmental concentration.

Differences in the responses to pulsed exposures were ob-
served in the two test species. Calineuria californica was
approximately 1,000-fold less sensitive to carbaryl than Cin-
ygma sp. during short, pulsed exposures, although the relative
susceptibilities of these species after 96 h of continuous ex-
posure were similar [16]. This may reveal significant differ-
ences in rates of uptake and time to equilibration between the
two species. Differences of this form, if occurring widely
among stream macroinvertebrates, could radically alter rank-
ings of relative susceptibility based on continuous exposure
and alter the findings of risk assessment procedures based on
this standard methodology. Morphological differences, in-
cluding cuticular thickness or gill surface area, could account
for the differences detected in the present study. Increased rates
of metabolism or excretion by C. californica could also ex-
plain these differences, although the similarity in 96-h LT50
values suggests that the difference between the two species
may lie in rates of uptake.

Carbaryl toxicity results from inhibition of acetylcholin-
esterase in the nervous system. Carbamate insecticides, unlike
the organophosphates, which share a similar mode of action,
have poor complementarity with the active site and can be
displaced after exposure to the chemical ceases [28]. Reacti-
vation of the carbamylated enzyme occurs through hydrolysis.
With the half-life of carbamylated enzymes reported as 30 to
40 min, nearly complete recovery of enzyme activity could
occur several hours after removal from chemical exposure [22].
Mosquito larvae have been shown to recover from immobi-
lization following short exposures to carbaryl (0.5–4 h) [13].
Ability to recover was shown to decrease with increasing ex-
posure time, and after 8- to 24-h exposure, there was little or
no recovery. Mosquito larvae have been shown to recover from

2-h exposures to carbaryl if 6 h in clean water is provided
[27]. Black fly larvae exposed to carbaryl were found to re-
cover from immobilization following a 5- to 20-min exposure
to carbaryl [29].

There is evidence from this study that duration of exposure
and chemical concentration both determine the degree of tox-
icity. Significant mortality occurred at high concentrations,
even if exposure time was short (15 min). At lower concen-
trations, recovery was more likely and rates of mortality de-
creased. For concentrations lower than the apparent lethal
threshold for the exposure durations tested (204 and 408 mg/
L), reversal of acetylcholinesterase inhibition, in conjunction
with metabolism and excretion, may have enabled recovery
following exposure. The lowest concentrations tested (10.2 and
17.3 mg/L) elicited very little mortality at any exposure du-
ration, indicating that insufficient amounts of toxin penetrated
to the site of action to elicit lethal effects.

Sublethal effects such as knockdown that may have oc-
curred directly after the exposure period (15, 30, and 60 min)
were not assessed. The first observations were normally made
about an hour following exposure. Some organisms that may
have been initially affected by the chemical may have recov-
ered in this time. Further analysis of short-term effects that
may cause drift or a failure to locate favorable habitat con-
ditions is required. Pulsed exposure to pesticides in stream
systems has been associated with increases in invertebrate drift
[30]. In addition to mortality, sublethal effects of pesticide
poisoning including hyperactivity and knockdown sympto-
mology may result in an impaired ability to recolonize avail-
able habitat. For example, an increase in downstream displace-
ment in the form of drifting and crawling organisms was at-
tributed to increased locomotor activity in Acroneuria lycorias
(Plecoptera) in response to methoxychlor exposure [31]. Drift
can occur at lower concentrations than those required to elicit
mortality, resulting in a loss of organisms from the system and
possible shifts in community structure [31–33].

Lethal time (PLT50) analysis (method 3) determined the
amount of time following pulsed exposure for lethal effects
to appear. Short exposures can yield effects at 96 h, highlight-
ing the importance of having an extended postexposure as-
sessment period where effects may accumulate over days. The
need for postexposure observation periods has been reported
previously [11,14]. The PLT50 analyses are distinct from those
obtained in the analysis of duration of exposure required to
elicit 50% mortality (method 4). Method 4 provides an estimate
of exposure time required for the organism to acquire a chem-
ical dose that would elicit a 50% response at 96 h. Symptoms
and lethal effects may occur, however, well after the uptake
has taken place. The probit plane model analysis (method 5)
also used 96-h toxicity data and therefore incorporated symp-
toms that were expressed over the full 96-h test period.

The duration of a pulsed exposure event in stream systems
will be a function of the physical characteristics of the wa-
tershed, the pattern of the pesticide application, and the phys-
ical and hydrological characteristics of the stream. Peak pes-
ticide concentrations have been found to be higher but present
for shorter durations in small streams compared with larger
ones [1]. However, duration–concentration relationships need
to be established for stream systems of the Pacific Northwest.
The LC50 values calculated in this research show that mor-
tality is unlikely to occur as a result of the short, pulsed ex-
posures that may be expected in high-order, high-gradient
streams where the pesticide pulse would be expected to move
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through the system quickly. Based on the LC50 values cal-
culated in 96-h conventional tests [16] (11.1 for mg/L Cinygma
sp. and 17.3 for mg/L C. californica) compared with the LC50
values for more realistic exposure regimes of 15 (848 mg/L
for Cinygma sp.), 30 (220 mg/L for Cinygma sp.), and 60 min
(165 mg/L and 1,139 mg/L for Cinygma sp. and C. californica,
respectively), conventional tests may greatly overestimate the
acute toxicity of carbaryl to stream insects exposed to short
pesticide pulses. Invertebrates in lower gradient valley streams
that integrate chemical inputs from throughout agricultural wa-
tersheds may be exposed for longer periods, and LC50 values
from continuous testing may more closely approximate the
risks that these organisms face. These data demonstrate the
need to characterize the nature of the chemical pulse in pes-
ticide risk assessment for aquatic macroinvertebrates.

Previous research [16] evaluated uncertainty associated
with single-species standardized tests by assessing sensitivity
across a representative assemblage of native macroinvertebrate
species. The resulting statistical model of community sensi-
tivity, which took into account the number of species tested,
suggested that a proportion of the macroinvertebrate com-
munity could be at risk in Oregon streams contaminated with
carbaryl. In the community sensitivity analysis, the main
source of uncertainty was that associated with variation in
susceptibility across the whole community of macroinverte-
brates. The statistical correction used [34], reduced in direct
proportion to the number of test species, and validation of the
HC5 can only be obtained by undertaking a number of further
96-h bioassays and determining the change in HC5 relative to
environmental concentration.

The pulsed-exposure analysis for two of the test species
explored uncertainty that might derive from variation in the
responses of organisms to short pulses, compared with con-
tinuous exposure, both of which could occur in the real world.
Large differences in the form of the response of the two test
species to pesticide pulses were observed, and this provides
a strong case for more detailed analysis of pesticide exposure,
uptake, and symptomology across a wide range of species. The
probit plane model provides a statistical tool for the estimation
of risk under realistic conditions of exposure. The model must,
however, be developed for a number of species before the
relative effectiveness of continuous versus pulsed assay re-
gimes in risk assessment can be properly evaluated.
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