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continued until wetlands were drained 7 days post-
application. Macroinvertebrate abundance and di-
versity were substantially higher during the Colusa
NWR permethrin and malathion trials, which al-
lowed us to reduce the number of sweep net col-
lections per wetland to 2 transects of lO sweeps in
each wetland. We made collections on days l. 4.
and 5 before rreatment and l. 3. 5, 7, and i4 duy.
after insecticide application. We sorted and identi-
fied the organisms in sweep net collections to order
or family and counted them. The organisms were
then pooled, dried to a stable weight during 72 h
in a drying oven, and weighed. Effects of insecti-
cides were only expected for the lst few days post-
treatment, but later samples were collected in case
it was necessary to track the recovery of the com-
munity.

Centers for Disease Control and Prevention
(CDC) ultraviolet light traps were used to monitor
flying insect abundance in treatment and control
wetlands during the permethrin and malathion tri-
als. Tiaps were placed at 1 m in height on poles 25
m from the edge in each treatment and control wet-
land. Six 24-h collections were made from each
wetland, 3 before insecticide application (on Sep-
tember 24-25,25-26, and26-27), and 3 afterward
(September 3o-Octoberl, October l-2. arld 2-3).

We used repeated-measures analysis of variance
(ANOVA) to test the hypothesis that macroinver-
tebrate abundance or biomass in treated wetlands
decreased relative to control wetlands. Data were
ln transformed before analysis. Repeated-measures
analysis improves accuracy by providing better es-
timates of the mean and variance of samples within
each wetland. This analysis can improve power
somewhat because more samples are used in the
analysis, although the actual power gained depends
on how much significance tests must be corrected
for autocorrelation among samples from different
dates within sites (Von Ende 1993). This analysis
is presented because it potentially maximizes pow-
er. We also conducted exploratory ANOVAs on the
differences between pre- and posttreatment abun-
dances and biomass. These results are not presented
because they were similar to the repeated-measures
results, whether or not we used location of sites as
a blocking factor.

The survivorships of larval mosquitoes were arc-
sine transformed and analyzed using ANOVA. Data
points were the averaged proportion surviving in
the 2 buckets per species per impoundment. Sur-
vivorships of adult mosquitoes and mosquitofish
were not analyzed statistically because no variance
in outcome within treatments occurred (survival
was either O or IOOVo).

R"ESULTS

Pyrethrin and permethrin were not detected in
pre- and posttreatment water samples from treat-
ment and control wetlands. The detection limit for

Table 1. Repeated-measures analysis of variance on the
abundance and biomass of benthic invertebrates

collected in a test of the nontarget effects of ultra-low

Source df MS

Between subjects

Tieatment
Error

Within subjects

Day
Day X treatment
Error

Between subjects

Treatment
Error

Within subjects

Day
Day X treatment
Error

Abundance

1 2.43 0.77 0.43
4  3 . t 7

8 0.43 0.57 0.53
8 0.29 0.39 0.62

32 0.75

Biomass

tl .52
3.609

I
4

8
8

i z

o.97 0.66 0.55
0.63 0.42 0.68
1.475

rdf, degrees of freedom; MS, mean square; F, F statistic; R
Greenhouse-Geisser conected Drobabilitv.

these materials was O.O2 ppm. Malathion was de-
tected only in the posttreatment water samples from
both malathion-treated wetlands, at 0.006 ppm.

Aquatic macroinvertebrate abundance and diver-
sity were initially low in the newly flooded wet-
lands on the Sutter NWR. Only aquatic beetles (Dy-
tiscidae and Hydrophilidae), snails (Gastropoda),
water boatmen (Corixidae), mayfly nymphs
(Ephemeroptera), and Cx. tarsalis larvae were pre-
sent. Aedes melanimon larvae were initially abun-
dant but were excluded from analysis because they
emerged as adults before pyrethrin was applied.

No detectable postapplication decrease occurred
in the total abundance or biomass of invertebrates
in treated wetlands (Table I and Fig. 3). Such dif-
ferences would appear as significant date X treat-
ment interactions in a repeated-measures ANOVA,
indicating that treatments and controls diverged
through time. We also performed exploratory ANO-
VAs on each taxon separately but found no statis-
tically significant differences. Table 2 presents
mean abundances of the 3 most abundant taxa, Co-
leoptera larvae, snails, and corixids, in treated and
control wetlands before and after pyrethrin appli-
cation.

Macroinvertebrate abundance and diversity were
greater during the permethrin and malathion trials.
Abundant taxa included midges (Chironomidae),
damselfly and dragonfly nymphs (Odonata), mayfly
nymphs, water boatmen, and snails. Backswimmers
(Notonectidae) and beetles were widespread, but
less common. Macroinvertebrate abundance did nor
decrease in treated wetlands relative to controls af-
ter insecticide application, although a significant ef-
fect of sampling date on invertebrate abundance oc-
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Fig. 3. Time series of the total number of aquatic ma-
croinvertebrates collected in sweep nets from 3 paired py-
rethrin-treated and control wetlands in Sutter County, Cal-
ifornia, during June 1996. Solid lines indicate treated
wetlands; dashed lines are controls. An arrow indicates
when pyrethrin was applied.

curred (Table 3). Temporal changes might be
expected due to natural processes such as coloni-
zation, reproduction, and mortality. Abundance
fluctuated, but apparent concordance occurred be-
tween fluctuations in paired treatment and control
wetlands (Figs. 4 and 5). Exploratory ANOVAS
showed no effects of treatments on individual taxa,
and most trends were toward increased abundances
after treatment, as would be expected if inverte-

brates continued to reproduce or colonize (Table 4).

Table 2. Mean pre- and postapplicatlon abundances of

the 3 most abundant invertebrate grloups in a study

designed to detect the effects of pyrethrin on the

abundance of aquatic macroinvertebrates in irrigated

wetlands on the Sutter National Wildlife Refuge,

California. Each mean represents 3 sites where

invertebrates were collected in 4 transects of 30 D-ring

net sweeps per site; sample counts were averaged over 3

sampling days immediately before or after the spray
date'

Prespray PostsPraY

Taxon Treatment Mean SD Mean SD

Coleoptera
larvae Pyrethrin

Coleoptera
larvae Control

Gastropoda Pyrethrin
Gastropoda Control
Corixidae Pyrethrin
Corixidae Control

25.4 16.3

t7 .6  10 .5
464.'7 725.2
268.0 175.8

4r.2 s8.9
58.1 48.2

69.1 24.8

6 1 . 8  3 5 . 8
294.0 383.2
353.7 143.6

39.9 50.9
65.0 63.0

For example, midge abundances increased several-
fold in all wetlands during the lst 3 days after in-

secticide application.
There were no detectable effects of insecticides

on the survivorship of mosquito larvae in any of

the trials (pyrethrin: F : 0.703, df : 1,8, P :

O.426; permethrin: F : O.245,df : 1,3, P : 0.655;
malathion: F :2.637, df = 1,3, P : 0.203; Table
5). In the pyrethrin trial, wild-collected Ae. melan-
imon larvae had higher survival than the colonized
strain of Cx. tarsalis, as might be expected if the
wild larvae were already acclimatized to field con-
d i t ions  (spec ies  e f fec t :  F :7 .661,  d f  :  1 ,8 ,  P :

Table 3. Repeated-measures analysis of variance on the
abundance and biomass of benthic invertebrates

collected in a test of the nontarget effects of ultra-low
volume permethrin and malathion.t

Source df MS F P

Between subjects

Treatment
Error

Within subjects

Day
Day x treatment
Error

Between subjects

Treatment
Error

Within subjects

Day
Day X treatment
Error

Abundance

2 0.58 0.77 0.93
4 7.62

8 1.24 4.49 0.001
16 0.29 1.05 0.44
32 0.28

Biomass

2
4

3.82 0.50 0.64
7.65

o.23 0.97 0.47
0.13 0.56 0.89
o.23

'df, degrees of freedom; MS, mean square; E F statistic; R
Greenhouse-Geisser cortected probability.

8
l 6
32

T'12-1 #

T12-3  . -a -  -
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Fig. 4. Time series of the number of organisms col-
lected each day in aquatic sweep net collections from 2
pairs of permethrin-treated and control wetlands in Colusa
County, California, during September and October 1996.
Solid lines indicate treated wetlands: dashed lines are con-
trols. The arrow indicates when permethrin was applied.

O.O24). No species X treatment interaction was
found. Most mosquito larvae successfully complet-
ed larval development and pupated within 7 days
after insecticide application. Pyrethrin, permethrin,
and malathion are fast-acting insecticides and
should kill mosquito larvae within a few hours, so
the 24-h mortality data presented in Table 5 should
indicate any mortality differences due to insecti-
cides, with minimal variance due to natural mor-
tality. However, we also report survival at 7 days
to rule out delayed effects.

All caged adult mosquitoes placed in permethrin-
and malathion-treated impoundments died within
24 h, but all mosquitoes caged over the adjacent
control impoundments survived, indicating that the
pesticide cloud did not pass over our sampling area
in the controls. All mosquitofish survived and
seemed to be healthy in every wetland regardless
of treatment, during the 7 days after insecticide ex-
posure.

A repeated-measures ANOVA showed that num-
bers of night-flying insects collected varied signif-
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Fig. 5. Time series of the total number of aquatic ma-
croinvertebrates collected in sweep nets from 2 pairs of
malathion-treated and control wetlands in Colusa County,
California, during September and October 1996. Solid
lines indicate treated wetlands; dashed lines are controls.
An arrow indicates when malathion was applied.

icantly by day but not by treatment (treatment ef-
f ec t :  F :0 .366 ,  d f  : 2 , 4 ,  P :  O .714 ;  day  e f f ec t :
F :27.384, df : 5,2O, P : 0.001; day x treatment
interaction: F : 0.354, df : 10,20, P : 0.798). We
observed a marked decrease in flying insect abun-
dance on October l, the night that the insecticides
were applied, but abundance rebounded within 24
h and subsequent counts were similar to those be-
fore the insecticides were applied (Fig. 6). Insecrs
collected in the light traps included Diptera (Chi-
ronomidae, Culicidae, Tipulidae, and others), Lep-
idoptera, Coleoptera, and a few Hemiptera.

DISCUSSION

This study did not detect decreases in the bio-
mass or abundance of aquatic invertebrates in sea-
sonal wetlands due to ULV applications of pyre-
thrin, permethrin, or malathion. Total numbers of
aquatic insects showed similar fluctuations in treat-
ed and control wetlands. Although we had only 2
or 3 replicates per treatment because of the realis-
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Table 4. Mean pre- and postapplication abundances of the 4 most abundant aquatic macroinvertebrate groups

collected in a study to deteit the ;ffects of malathion and permethrin on the biota of seasonal wetlands in Colusa

County, Californii. Mean abundances were calculated over 3 sampling days and are from 2 sites per treatment.

Invertebrates were collected in 2 transects of 10 D-ring net sweeps per site.

Prespray Postspray

Taxon Treatment SD SD

Chironomidae
Chironomidae
Chironomidae
Chironomidae
Ephemeroptera
Ephemeroptera
Ephemeroptera
Ephemeroptera
Odonata
Odonata
Odonata
Odonata
Corixidae
Corixidae
Corixidae
Corixidae

Malathion
Control
Permethrin
Control
Malathion
Control
Permethrin
Control
Malathion
Control
Permethrin
Control
Malathion
Control
Permethrin
Control

70.r
35.3
61.7
27.3
49.3
56. l
61.7
27 -3

187.8
57.5
T J . J

36.0
5 .9

90.5
66.4

l l l . 6

3 8 . 1
22.9
83.2
I  1 . 5
63.9
7 .9

83.2
I  1 . 5

253.3
f  . ( ,

7.7
35.4
4.8

116.2
87.7
86.4

143.3
r21.4
204.5
t46.6
4 3 . 1
40.3

204.5
r46.6
213.6
73.8
20.8
63.4

J . J

18.8
61.4
42.9

23.8
73.2

2 t5 .7
108.8
s8.8
30.2

215.7
r08.8
297.3

7.9
3.5

22.5
3.3
4.O

90.0
38.  l

tically large spatial scale of the study, we believe
that our results are robust for several reasons. We
collected large numbers of invertebrates on each
sampling date, so the resolution of the data should
be good (data for individual taxa are noisier be-
cause of the lower numbers). No clear decreases
occurred in invertebrate abundance after insecticide
application and abundances increased in many cas-
es, so it is unlikely that an effect would materialize
given more statistical power. Survival of sentinel
mosquito larvae was uniformly high, and this is
particularly compelling evidence that the insecti-

Table 5. Percent survivorship of Aedes melanimon and
Culex tarsalis larvae in seasonal wetlands exposed to
ultra-low volume adulticide applications of pesticides
and in untreated wetlands on national wildlife refuges
(NWRs) in California. Effects of pyrethrin were tested

on Sutter NWR, Sutter Country, in June 1996 and
permethrin and malathion were tested on Colusa NWR,

Colusa County, in September 1996.r

Location
Species

2 4 h
(Vo ! 168 h

Treatment n SD) (7o + SD)

Sutter NWR

Aedes melanimon

Culex tarsalis

Colusa NWR

Culex tarsalis

In, sample size, where samples were the mean percent survival
of 2 cages of 25-31 larvae per species, per wetland; SD, is stan-
dard deviation.

cide applications did not kill aquatic insects be-
cause the larvae are known to be sensitive to the
pesticides. In addition, larvae were caged at the air-
water interface where contamination should have
been highest.

The lack of detectable mortality of aquatic in-
vertebrates probably resulted from low exposure to
the insecticides. The absence of detectable levels of
pyrethrin or permethrin in the water samples and
the low concentrations of malathion in posttreat-
ment water samples indicate that little insecticide
was deposited in the water.

All sentinel mosquitofish survived, probably be-
cause of the low concentration of pesticide. The
malathion concentration was an order of magnitude
below the median lethal concentration dosage pro-

ducing acute toxicity in flsh (e.g., mosquitofish,
rainbow trout; Shao-nan and De-fang 1996). Other
studies have also shown that insecticides applied
via ULV techniques have low deposition rates
(Tietze et al. 1994, Knepper et al. 1996, and ref-
erences therein). The ULV aerosol spray equipment
produces very small droplets that are distributed
over a wide area by wind, and deposition is also
limited because some droplets evaporate before de-
position (Lofgren 1970).

The physical properties of 2 of these insecticides
may have contributed to low exposure of nontarget
organisms. Permethrin and pyrethrin are pyre-

throids, which are lipophilic, readily adsorb to plant
surfaces and small particles, and break down rap-
idly in water and sunlight (Coats et al. 1989, Hill
1989). Adsorption of insecticide to particles and
vegetation in the water may reduce its availability
to macroinvertebrates and fish. The bottoms of our

study sites were covered with herbaceous vegeta-

Pyrethrin
Control
Pyrethrin
Control

Permethrin
Malathion
Control

3  9 3 +  7  8 9 1 8
3  9 6 +  4  8 1 + 8
3  8 7 + 2  7 3 + 3
3  8 6 + 2  7 2 + 2

2  8 3 + l  6 ' l ! 2 1
2  9 5 +  1  8 3 + 4
3  9 2 +  7  8 6 + 8
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Fig. 6. The total number of flying insects collected
each night in Centers for Disease Control and Prevention
(CDC) ultraviolet light traps in paired pesticide-treated
and conftol wetlands in Colusa County, California, during
September and October 1996. Solid lines indicate treated
wetlands; dashed lines are controls. An arrow indicates
when pesticides were applied. (A) Permethrin. (B) Mala-
thion.

tion, and all sites had scattered patches of emergent
plants. Organic particles were evident in the water.

Most previously published field studies of the ef-
fects of these insecticides on aquatic macroinver-
tebrates are of forestry or agricultural applications,
and some of these studies have shown loss of non-
target organisms. Studies of permethrin in silvicul-
ture or agriculture have found either no effect on
aquatic organisms (Frank et al. 1991), transient be-
havioral changes but no mortality (Werner and Hil-
gert 1992), or significant behavioral change and
mortality when permethrin was added directly to
the water or applied so as to cause heavy deposition
(see Smith and Stratton 1986 for a review; see also
Kreutzweiser and Kingsbury 1987, Sibley et al.
1991, Helson et al. 1993). Malathion has been
shown to decrease amphipod populations when
poured directly into the water (Crane et al. 1995).
However, application rates for controlling adult
mosquitoes are much lower than rates for control-
ling pest insects in agriculture or silviculture. For
example, the product label for the formulation of
malathion we used shows that it can be applied at
up to 1.17 liters/ha (16 ozlacre) to control insects
on food crops, but the maximum rate for mosquito
control is 0.29 liters/ha (4 ozlacre). Our results sug-
gest that the lower application rates and method of

application used in mosquito control limits nontar-
get effects.

Evaluating the effects of permethrin and mala-
thion on night-flying insects was difficult. The in-
secticides killed all adult mosquitoes caged over
treated impoundments but all survived in controls.
However, counts of insects in light traps decreased
in both treated and control areas on the night of
insecticide application. Two explanations for this
result are possible. First, a rise in wind speed may
have caused a drop in light trap catches for all sites.
Faster winds decrease insect flight activity and trap
counts (Harling 1968, Mizutani 1984, McGeachie
1989). Wind speed rose I h after the last insecticide
application (10 mph vs. 2-6 mph on other nights).
This should not have interfered with insecticide de-
position because it occurred after the insecticide
cloud had been moved through the study area by
slower wind. Second, substantial mortality in treat-
ed wetlands could account for decreased abundance
in control wetlands if insects dispersed readily
among wetlands. In either case, the number of in-
sects caught in light traps rebounded within 48 h,
indicating that flying insect populations were resil-
ient because of either renewed activity or immigra-
tion and continued emergence of adults.

In this area of California, ULV adulticides are
applied in the early evening after sunset, during the
period of maximum mosquito flight activity. This
is intended to maximize the effectiveness of insec-
ticide application while limiting exposure of diur-
nally active flying insects, which are then resting
and less likely to contact the suspended droplets,
although the droplets may contact at least some
resting insects. The loss of night-flying insects
could affect bats and other nocturnal insectivores.
We did not measure day-flying insects; however,
other studies have examined the effects of daytime
applications of ULV malathion on breeding birds,
which are dependent on invertebrates. These stud-
ies found no effects of the insecticide on the fledg-
ing success and weights of nestling birds (blue tits,
Pascual 1994; sage thrashers and Brewer's spar-
rows, Howe et al. 1996). In both studies, malathion
was applied at 2 or more times the label rate for
mosquito control.

Our results indicate that effective control of adult
mosquitoes can be accomplished near wetlands us-
ing ULV applications of pyrethrin, permethrin, and
malathion without substantially reducing the
amount of aquatic macroinvertebrates available to
foraging wildlife, or killing fish. We hope that this
paper will help promote good communication about
mosquito control methods between wildlife man-
agers and mosquito abatement agencies.
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