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Summary

0[ In apple orchards\ the use of pesticides such as pyrethroids for the control of
lepidopteran and dipteran pests can severely disturb natural equilibria by killing or
repelling acarine predators[ After spraying\ phytophagous mite populations will often
subsequently increase to densities which are above economic thresholds[ To conserve
predator populations we manipulated the size and number of predator refuges[ Ref!
uges were made with various sizes of polyethylene sheeting placed over 9\ 09\ 29\ 59
or 099) of the leaves on trees before spraying with the pyrethroid permethrin[
1[ At the time of spraying the phytoseiid predator Typhlodromus caudiglans and
the stigmaeid predator Zetzellia mali were present in similar densities[ The main
phytophagous mites present were the tetranychid mites Panonychus ulmi and Tetrany!
chus urticae[ After spraying\ Typhlodromus caudiglans was virtually eliminated from
sprayed leaves\ but not from refuge leaves[ Recolonization of sprayed leaves by T[
caudiglans was slow\ probably due to toxic or repellent e}ects of the pyrethroid
residue[ Densities of Z[ mali were only slightly a}ected by the pyrethroid\ but this
species was unable to control tetranychid densities on sprayed leaves in the absence
of T[ caudiglans[ After spraying\ P[ ulmi and Tetranychus urticae increased on sprayed
leaves to densities well in excess of crop economic thresholds\ while densities remained
low on refuge leaves[
2[ The major e}ect of refuge size was a high positive correlation between entire!tree
densities of T[ caudiglans and refuge size\ and a high negative correlation with P[ ulmi
densities[ The refuge size necessary to control P[ ulmi to below economically damaging
densities was predicted to be in excess of 59) of each tree[ Thus\ only 39) of each
tree would receive a pyrethroid spray[ This is not practical for management purposes
as the reduced spray coverage is unlikely to control target lepidopteran and dipteran
pests[ No signi_cant e}ects of refuge number were observed[
3[ The application of a pyrethroid spray resulted in a major disturbance to natural
acarine population dynamics in this orchard for up to 00 weeks after spraying[
While refuges were useful in conserving a population of the predator Typhlodromus
caudiglans and reducing entire!tree densities of phytophagous mites\ the use of refuges
may be more valuable when using pesticides with a lower residual e}ect[

Key!words] biological control\ dispersal\ pyrethroid\ spidermites\Typhlodromus caudiglans[
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Introduction

For many years\ ecologists have recognized the
importance of refuges in maintaining predator and
prey equilibria[ The importance of refuges in agri!
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cultural systems has been highlighted by the destruc!
tion of hedgerows and the correlated reduction in
predaceous and parasitic insects in England earlier
this century "van Emden 0854#[ Hu}aker "0847# was
one of the _rst researchers to demonstrate that refuges
could maintain predatorÐprey equilibria\ and since
that time others have correlated the presence of ref!
uges with population persistence and biological con!



213

Refuges and
pesticides in
acarine
communities

Þ 0887 British
Ecological Society\
Journal of Applied
Ecology\ 24\
212Ð220

trol "Murdoch et al[ 0878^ Lampo 0883^ Begon\ Sait
+ Thompson 0884#[

In undisturbed orchard systems\ phytophagous
mites are generally controlled to below economic
thresholds by acarine predation "Hardman et al[ 0874^
Thistlewood 0880#[ However\ pyrethroid sprays
applied to kill lepidopteran and dipteran pests have
been shown to kill mite predators\ but not their com!
paratively resistant phytophagous mite prey "for a
review see Gerson + Cohen 0878#[ After spraying\ resi!
dues can also alter predator distributions by sublethal
repellency e}ects\ butmaynot repel phytophagous prey
"Penman\ Chapman + Jesson 0870^ Hermans 0885#[
Out of equilibrium with their predators\ phytophagous
mites such as Panonychus ulmi Koch and Tetranychus
urticae Koch "Acari] Tetranychidae# can increase to
abundances resulting in economic loss "e[ g[ Hardman\
Rogers + MacLellan 0877#[ Thus\ the use of pesticides
in these orchards can be considered a serious dis!
turbance to the predatorÐprey equilibrium[

In stream systems\ refugia from ~ow disturbance
are one of the most important factors in~uencing the
recolonization rate of disturbed areas by stream insects
"Lancaster + Hildrew 0882#[ Refuge patches need to
be large enough to maintain su.cient prey to allow a
viable predator population\ and spatially distributed
su.ciently widely for recolonization of predators to
remote areas "Brokaw 0874#[ Similarly\ in an orchard
acarine community\ for refuges to be successful for
biocontrol purposes they must allow for the main!
tenance of a predator population in su.cient numbers
for successful recolonization of the sprayed parts of
the orchard\ and consequent control of phytophagous
mites after the e}ects of pesticide have subsided[ The
number of refuges may also be signi_cant by aiding the
spatial dispersal of predators to otherwise remote prey\
as the probability of parasitoid dispersion has been
suggested to decrease with increasing distance from the
refuge "Corbett + Rosenheim 0885#[

In acarine systems\ Hoyt "0858# noted that selectively
spraying trees with the fruit thinner:insecticide car!
baryl to only the upper and peripheral areas of apple
trees conserved a population of the mite predator
Typhlodromus occidentalis Nesbitt "Acari] Phyto!
seiidae#\ indicating the potential of refuges in terms of
biological control[ The aim of the present experiment
was to examine the e}ects of refugia on acarine com!
munities within individual apple trees[ We manipu!
lated a population of acarine predators in an attempt
to determine both the refuge size and number necess!
ary for control of phytophagous mites after pyrethroid
spray disturbance[

Materials and methods

STUDY SITE

An orchard consisting of 6!year!old {Empire| variety
apple trees at Jordan Station\ Ontario\ Canada\ was

used for this study[ Trees were spaced in seven rows
with 3=7 m between rows and 2=9 m between trees[ The
trees were pruned annually and the grass between the
trees mown regularly[ Within the orchard a block of
34 trees was initially sampled[ After 09 weeks\ 22 trees
were chosen from the 34 for further experimentation
on the basis of similarity of the number of leaves\
absence of disease\ and similarity of the mite fauna[
The number of leaves on each tree was then counted\
and trees then pruned to standardize the number of
leaves on each tree to ¼3999[

TREATMENTS AND PYRETHROID SPRAY

Trees were randomly assigned to each treatment[
There were two control treatments\ one where trees
were completely sprayed and the other with com!
pletely unsprayed trees\ achieved by making large
plastic bags to _t entire trees[ The remaining 16 exper!
imental trees were randomly assigned\ nine to each of
one of three tree refuge sizes^ 09) "¼399 leaves#\ 29)
"¼0199 leaves# or 59) "¼1399 leaves#[ Within each
refuge size treatment there were three refuge number
treatments consisting of 0\ 2 or 5 refuges[ This gave
a total of nine treatments\ with three replicate trees
randomly assigned to each treatment[ Where there
was more than one refuge number within each refuge
size\ refuges were equally spaced around the tree[
Where it was impossible to make a single large refuge
from one branch\ branches next to each other were
used[ Refuges were made by forming bags from poly!
ethylene {Vapor Barrier| plastic ð049 mm thickness^ W[
Ralston "Canada# Inc[\ Brampton\ Ontario\ CanadaŁ
and gently placed over the leaves and branches[ For
example\ the {29) refuge size and 2 refuge number|
treatment was achieved by placing three bags over 399
leaves each[

The treatment day was chosen a priori as the time
when the predator number had risen to ¼9=0 leaf−0[
The pyrethroid {permethrin| was applied at a rate
of 049 g "active ingredient# per hectare "64) of the
recommended rate# with the _eld application under!
taken using the tree!row!volume method "Sutton
0877#[ Treatment took place early in the morning
under near windless conditions[ Bags were placed on
the trees\ the spraying undertaken and the bags
removed within 0 hour after spraying had _nished in
order to limit the temperature ~uctuations within the
bags[ The temperature within two of the largest and
smallest refuges was monitored using maximum!mini!
mum thermometers[

SAMPLING AND ANALYSIS

Mites were sampled once every 1 weeks from June to
October 0885\ giving a total of 00 samples^ _ve prior
to spraying and six afterwards[ Each sample consisted
of 29 leaves\ collected at random[ Prior to spraying\
one sample was taken from each tree[ After spraying\
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two samples were taken from each tree\ one of leaves
picked randomly within the refuges\ and one from the
sprayed areas[ In the laboratory\ mites were brushed
from the leaves onto a glass plate using a HendersonÐ
McBurnie mite brushing machine\ and examined
using a binocular microscope[ Both eggs and motile
stages were counted and for the purpose of analysis
were combined to give one density estimate per spec!
ies[ Phytoseiid mites were mounted on slides in Hoy!
er|s medium\ cleared for 0 week on a slide!warmer at
¼34>C and identi_ed[ The phytophagous mite Aculus
schlechtendali "Nalepa# "Acari] Eriophyidae# was sam!
pled from 2 weeks prior to spraying onwards and only
adult stages were counted "due to the small egg size#[

For each treatment\ the {entire!tree| density of mite
genera was obtained by multiplying the densities in
refuges by the proportion of the tree that was refuge
"either 9=0\ 9=2 or 9=5#\ multiplying the densities out of
refuges by the proportion of the tree that was out of
the refuge "either 9=8\ 9=6 or 9=3\ respectively#\ and
adding the two estimates together[ This {entire!tree|
estimate was used because the analysis of the econ!
omic e}ects of the mites are based on the average
number of mites leaf−0 for the entire trees[ Di}erences
in mite entire!tree densities between treatments were
analysed using repeated measures analysis of variance
with refuge size as a between factor\ and refuge num!
ber and date of samples as within factors[ Mean den!
sities were considered statistically signi_cant if
P ³ 9=94[ All numerical data were square root trans!
formed and the residuals from each ANOVA were
examined for normality and homogeneity of variance[

Fig[ 0[ Mean predatory mite "20 SE^ n � 8# density of leaf−0 in control\ 09\ 29 and 59) refuge treatments[ Data points are for samples within refuges
"�#\ and outside of refuges "ž# after spraying[ For controls^ �\ unsprayed^ ž\ completely sprayed treatments[

The distribution of the dependent variable was exam!
ined for _t to a normal distribution using Chi!square
and KolmogorovÐSmirmov tests[ All results are given
as mean 2 standard error leaf−0[

Results

PRIOR TO SPRAYING

The acarine predator population consisted primarily
of the phytoseiid Typhlodromus caudiglans "Schuster#
and the stigmaeid Zetzellia mali "Ewing#[ Throughout
the study\ these two predators together made up over
84) of the acarine predators sampled from the
orchard[ There were also a few occasional specimens
of the phytoseiids Amblyseius fallacis "Garman# and
Typhlodromus pyri "Scheuten#[ Zetzellia mali was the
_rst predator observed and was present from the _rst
sampling date onwards\ initially in higher densities
than the tetranychid species "Fig[ 0#[

One week before spraying\ the mean orchard den!
sity of T[ caudiglans was 9=0062 9=907 "Table 0#\ and
for Z[ mali 9=030 2 9=907 leaf−0\ with no signi_cant
di}erences among samples "Table 0#[ Thus\ we esti!
mated at the time of spraying that an average tree
with ¼3999 leaves would have ¼357 specimens of T[
caudiglans and 453 of Z[ mali[ In refuges of 399\ 0199
and 1399 leaves we estimated ¼36\ 039 and 179 speci!
mens of T[ caudiglans\ and 45\ 058 and 227 of Z[ mali\
respectively[

The dominant phytophagous acarine species observed
were P[ ulmi\ Tetranychus urticae and A[ schlechtendali[
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Table 0[ Entire!tree mean density "mites leaf−0# of species in refuge size treatments

Refuge size
Species Week 9) 09) 29) 59) 099)

P[ ulmi −0 0=39 1=99 2=96 0=75 1=722
¦0 1=07 5=14 6=66 5=14 4=967
¦2 03=2 26=9 28=6 08=4 5=11
¦4 56=8 66=3 47=1 29=0 8=5
¦6 17=6 39=2 17=1 01=3 4=90
¦8 6=36 6=76 4=71 2=55 0=78

¦00 0=98 0=98 0=97 9=424 9=411
T[ urticae −0 9=011 9=156 9=167 9=167 9=467

¦0 9=044 9=171 9=189 9=158 9=699
¦2 9=478 0=62 0=63 9=686 9=433
¦4 1=06 3=90 3=62 0=78 1=70
¦6 2=47 6=73 09=5 2=43 1=85
¦8 0=20 3=27 1=96 0=69 9=633

¦00 9=799 0=96 9=358 9=322 9=167
A[ schlectendali −0 0=32 2=74 9=455 9=404 0=74

¦0 0=27 1=89 1=31 1=11 9=673
¦2 01=3 06=6 01=1 8=56 01=4
¦4 0=50 09=7 7=58 3=89 0=55
¦6 6=90 00=4 5=91 1=21 0=98
¦8 03=9 8=91 4=93 2=32 9=734

¦00 2=71 7=02 2=55 1=71 9=267
T[ caudiglans −0 9=033 9=092 9=969 9=099 9=056

¦0 9=999 9=912 9=938 9=943 9=099
¦2 9=99 9=931 9=974 9=958 9=199
¦4 9=999 9=935 9=187 9=020 9=111
¦6 9=900 9=976 9=111 9=291 9=067
¦8 9=945 9=920 9=963 9=956 9=067

¦00 9=900 9=903 9=909 9=901 9
Z[ mali −0 9=978 9=048 9=004 9=030 9=199

¦0 9=945 9=084 9=134 9=173 9=399
¦2 9=499 9=713 9=862 0=209 0=456
¦4 9=71 1=91 0=76 0=43 0=09
¦6 0=86 1=39 1=95 1=16 0=25
¦8 1=96 1=04 0=61 1=97 1=90

¦00 9=378 9=162 9=374 9=203 9=978

The latter was sampled from 2 weeks prior to spraying
onwards[ Throughout the sampling period we occasion!
ally found tydeid and tarsonemid mites present in
samples\ but they were not identi_ed beyond family[

The entire!tree mite analysis from all samples prior

Table 1[ F!values from ANOVA on entire!tree refuge size "S#\ number "N# and time "T# e}ects\ with interaction terms\ for each
mite species[ �P ³ 9=94^ ���P ³ 9=990

Species Time E}ect
S N T S × N S × T N × T S × N × T

P[ ulmi Prior 9=127 9=216 44=9��� 0=167 9=420 9=822 9=643
After 4=88� 1=195 26=6��� 9=447 9=662 9=507 0=966

T[ urticae Prior 9=119 9=481 15=1��� 9=794 9=769 0=517 9=762
After 0=809 9=456 04=9��� 9=392 9=397 9=555 9=766

A[ schlechtendali Prior 0=902 9=252 3=569 9=877 9=716 0=447 9=822
After 3=72� 9=318 03=4��� 9=838 0=002 9=358 9=764

T[ caudiglans Prior 1=710 9=093 21=2��� 9=672 9=330 0=997 0=911
After 2=618 9=241 7=91��� 1=178 0=711 9=179 0=939

Z[ mali Prior 9=301 1=311 8=01��� 0=374 0=997 9=653 0=393
After 9=836 0=001 27=1��� 1=191 0=916 9=195 0=117

to spraying indicated no signi_cant di}erences for any
mite species among trees with di}erent intended refuge
number or size treatments "Table 1#[ Only the time
factor was signi_cant\ for all species except for A[
schlechtendali "F � 3=57\ P � 9=963#[
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Spraying was undertaken with the pyrethroid per!
methrin on the 14th July 0885[ Branches and leaves
were bagged for a maximum of 84 min\ while spraying
was undertaken and until the leaves had dried[ During
this time\ the maximum temperatures within the plas!
tic bags ranged from 21>C in the smallest refuge\ to
27>C in the largest refuge[ While these temperatures
were above that of ambient "range 10Ð12>C#\ they
were not atypical for this orchard at this time of the
year[

POST!SPRAYING

After spraying\ no specimens of Typhlodromus cau!
diglans were found in sprayed trees for 4 weeks
"Fig[ 0#[ By contrast\ their density in the refuges
increased^ in one tree up to 3=02 leaf−0[ Five weeks
after spraying the average density of T[ caudiglans
in refuges throughout the orchard was 9=359 2 9=088
leaf−0\ compared to 9=916 2 9=998 on sprayed leaves[
In weeks 9Ð6\ the entire!tree T[ caudiglans density was
dependent on the presence of refuges[ At week 6\ a
high proportion of the variation in densities could be

Fig[ 1[ Mean phytophagous mite "leaf−0 2 0 SE^ n � 8# density in control\ 09\ 29 and 59) refuge treatments[ Data points are for samples within refuges
"�#\ and outside of refuges "ž# after spraying[ For controls^ �\ unsprayed^ ž\ completely sprayed treatments[

explained by the size of the refuges\ though con!
siderable variation was observed between replicates
"Fig[ 2#[ The highest entire!tree T[ caudiglans density
was found seven weeks after sampling\ at
9=291 2 9=987 leaf−0 in the 59) refuge treatment
"Fig[ 2\ Table 0#[ This probably resulted from higher
prey availability in this treatment compared to that
on unsprayed trees\ from prey dispersing into refuges
from adjacent sprayed leaves\ and from a larger initial
number of predators compared to that on completely
sprayed trees[

The recolonization rate of T[ caudiglans onto
sprayed leaves was similar for trees in the sprayed
control "9) refuge#\ and 09 and 29) refuge treat!
ments "Fig[ 0#[ In these treatments\ the density of T[
caudiglans was similar on sprayed and refuge leaves
00 weeks after spraying[ For the 59) refuge treatment
the density of T[ caudiglans was similar on sprayed
and refuge leaves 8 weeks after spraying[ At no sam!
pling date was T[ caudiglans completely eliminated
from the sprayed leaves of the 59) refuge treatment\
although they were from the other refuge treatments
"Fig[ 0#[
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Fig[ 2[ The e}ect of refuges on predator densities\ on a entire!tree basis "combining density estimates from both refuges and
non!refuge leaves#[

Prior to spraying\ only the time factor was sig!
ni_cant in our ANOVA model[ For T[ caudiglans after
spraying\ no signi_cant di}erences in densities for
entire!trees were found as a result of refuge size
"F � 2=618\ P � 9=963# or number "F � 9=241\
P � 9=609#\ nor was any signi_cance observed
between interactions "Table 1#[ High variation within
treatments may have clouded the observation of sig!
ni_cant results[ However\ one of the drawbacks in
using the repeated measures analysis was that it may
have obscured signi_cant results noted after the _rst
few weeks after spraying[ For example\ 3 weeks after
spraying the analysis resulted in both signi_cant size
"F � 3=509\ P � 9=937# and time "F � 7=240\
P � 9=900# e}ects[

The average density of the predator Z[ mali in all
refuges 4 weeks after spraying "0=8602 9=003 leaf−0#
was similar to that on sprayed leaves "0=6752 9=160#[
This is in contrast to the 2!week sample\ when den!
sities in refuges "0=5222 9=919# were higher than those
on sprayed leaves "9=588 2 9=913# "Table 0#[ Over 89)
of the variation in entire!tree Z[ mali densities is
explained by the size of the refuges "Fig[ 2#[ Seven
weeks after spraying\ the average densities in the

sprayed control\ 09\ 29 and 59) treatment were simi!
lar "combined mean of 1=102 9=077 leaf−0#[ This den!
sity was higher than that of the unsprayed control
"0=224 2 9=335#\ perhaps an e}ect of higher prey avail!
ability on sprayed leaves[ Thus\ Z[ mali did not appear
to be as a}ected by the pyrethroid spray as was T[
caudiglans[ Accordingly\ no di}erence was observed
between entire!tree refuge number or size treatments\
or interactions thereof\ and time was the only sig!
ni_cant factor in the ANOVA "F � 8=01\ P � 9^
Table 1#[

Densities of P[ ulmi and Tetranychus urticae on
sprayed leaves peaked on average at 58=92 5=92 and
3=97 2 9=78 leaf−0\ respectively\ 4 weeks after spraying
"Fig[ 1#[ By contrast\ mean densities on refuge leaves
were 19=262 4=25 and 0=44 2 9=33 leaf−0\ respectively
"Fig[ 1#[ Similar di}erences in tetranychid densities
between refuges and treated leaves continued for the
remainder of the sampling period[ Thus\ spraying the
pyrethroid in some way"s# increased the abundances
of these mites[ Densities of P[ ulmi in refuges were
slightly higher than those in unsprayed controls
"Fig[ 1#\ possibly an e}ect of mites dispersing from
high "sprayed# to low "refuge# density areas[
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A major e}ect of refuge size was to decrease the
average entire!tree density of mites[ For example\ at
2\ 6 and 00 weeks after spraying\ between 72 and
81) of the variation in the P[ ulmi density between
treatments was explained by di}erences in refuge size
"Fig[ 3\ Table 0#[ This trend was true for all samples
taken three to nine weeks after spraying "Table 0#[
Signi_cant e}ects of refuge size were found in the
entire!tree analysis of P[ ulmi densities "F � 4=88\
P � 9=916#\ as well as a signi_cant time factor
"F � 21=6\ P � 9# "Table 1#[ At no time did we observe
a signi_cant e}ect of refuge number or interaction
e}ect on entire!tree tetranychid mite densities[

Densities of P[ ulmi on sprayed control trees did
not increase immediately as they did on sprayed leaves
of other treatments[ One week after spraying\ densities
on completely sprayed control trees were lower than
densities of unsprayed controls\ unlike densities on
any of the other sprayed leaves "Fig[ 1#[ To determine
if this result was an outlier\ we sampled three other
completely sprayed trees "chosen at random within
the orchard#\ and found densities which approximated

Fig[ 3[ The e}ect of refuges on P[ ulmi densities\ on a entire!
tree basis "combining density estimates from both refuges
and non!refuge leaves#[ d0 is the actual data value for the
completely sprayed control treatment[ As this point did not
_t the model further samples were taken "d1#\ and d0 thus
considered an outlier[ Neither point was used in the
regression analysis[

predicted values from the linear model _tted to data
from the other treatments "Fig[ 3#[ Densities of P[ ulmi
on sprayed control trees did reach similar densities as
those on other sprayed leaves 4 weeks after spraying
"Fig[ 1#[ However\ this e}ect typi_ed the high vari!
ation in the response of the tetranychid mites to spray!
ing[ While densities of these mites increased on all
treated leaves subsequent to spraying\ some replicates
of treatment populations peaked in density 2\ 4 or 6
weeks after spraying[

Densities of A[ schlechtendali in treatment trees
initially appeared to show little response to spraying[
However\ after week 4\ densities increased on sprayed
leaves relative to those in refuges[ This trend con!
tinued until week 8 when densities on sprayed leaves
peaked at 8=872 9=088 leaf−0\ compared to
0=62 2 9=529 on unsprayed leaves\ with the exception
of the 59) refuge treatment[ This result could in part
be due to a decreased number of predators on the
sprayed leaves[

The increased density of A[ schlechtendali on
sprayed leaves resulted in a signi_cant e}ect of refuge
size in the entire!tree analysis "F � 3=72\ P � 9=933#
"Table 1#[ The highest A[ schlechtendali entire!tree
density was observed nine weeks after spraying in
the completely sprayed "9) refuge# treatment at 03=9
leaf−0\ which decreased in a linear fashion with per!
centage refuge\ to 9=734 leaf−0 on the unsprayed treat!
ment "Table 0#[

Discussion

After spraying the orchard with the pyrethroid per!
methrin\ the predatory mite abundance decreased
sharply\ which is in agreement with other studies
"reviewed by Gerson + Cohen 0878#[ Correlated with
the decrease in predatory mites\ the densities of the
tetranychid mites P[ ulmi and Tetranychus urticae
increased on sprayed leaves relative to their densities
on unsprayed leaves in refuges[ For example\ the mean
orchard density of P[ ulmi on sprayed leaves reached
58=9 leaf−0\ compared to 19=3 leaf−0 on unsprayed
leaves in refuges[ This sprayed leaf peak density is over
four times the estimated economic threshold "Croft +
McGroarty 0866#[ The predator Typhlodromus cau!
diglans was virtually eliminated from sprayed leaves
for 4 weeks after spraying\ but populations were main!
tained on refuge leaves[ However\ the reduced pre!
dation may not have been the only factor in the
increased tetranychid densities on sprayed leaves\ as
pyrethroids can increase factors such as the fecundity
and dispersal behaviour of tetranychid mites
"reviewed by Gerson + Cohen 0878#[

The e.cacy of a predatory mite for biological con!
trol depends on its predation rate\ population growth
rate\ and its ability to disperse and spatially couple
with prey populations "Sabelis 0881^ Lesna\ Sabelis +
Conijn 0885#[ Our initial aim in this study was to
manipulate the size of the refuge and\ hence\ the pred!
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ator population in each treatment at the time of dis!
turbance[ These predators could then have acted as a
founder population for each tree subsequent to spray!
ing[ However\ densities of T[ caudiglans on sprayed
leaves remained low and uncoupled with those of P[
ulmi for at least 4 weeks after spraying[ This e}ect was
probably due to residual e}ects of the pyrethroid\
killing or repelling T[ caudiglans "Penman\ Chapman
+ Jesson 0870^ Bostanian\ Belanger + Rivard 0874#[
We may have observed a di}erent e}ect if we used a
pesticide with a low residual e}ect[ However\ sig!
ni_cant e}ects were noted between entire!tree den!
sities of the phytophagous mites P[ ulmi and A[ sch!
lechtendali\ indicating increased biological control in
trees with larger refuge sizes[

For the phytophagous mites\ sprayed leaves became
a partial refuge from T[ caudiglans predation\ in that
the predation rate was not completely eliminated\ but
rather the probability of predation was much reduced[
During this time the major e}ect of the refuges was to
decrease the entire!tree P[ ulmi density\ and maintain
a predator population[ Only after 6 weeks\ when per!
methrin residues have usually dissipated signi_cantly
"Bostanian\ Belanger + Rivard 0874#\ did T[ cau!
diglans begin to appear in similar numbers on sprayed
leaves to those on refuge leaves[ For the completely
sprayed\ 09 and 29) treatments the T[ caudiglans
recolonization occurred at a similar time\ suggesting
that aerial dispersal from other trees was at least as
important as recolonization from refugia within a tree[
Aerial dispersal is also the method for recolonization
of pesticide!disturbed habitat for other arthropod
predators such as spiders\ local populations of which
may become extinct without refuges "Halley\ Thomas
+ Jepson 0885#[

A high aerial dispersal rate may have resulted in the
observed lack of signi_cant e}ects of refuge number[
We hypothesized initially that the number of refuges
within a tree could be important in aiding dispersion
of the predator to otherwise remote prey populations\
reducing the dispersal distance necessary to _nd the
prey population[ Even though T[ caudiglans is sup!
posedly a poor disperser relative to other phytoseiid
mites "Johnson + Wellington 0873#\ refuge number
e}ects were not signi_cant[ Consequently\ for man!
agement practices\ it appears that a single large refuge
may be as e}ective as numerous small refuges[

The role of refuges in decreasing the amplitude of
predatorÐprey oscillations has been noted elsewhere
"Hu}aker 0847^ Murdoch et al[ 0878^ Hawkins\
Thomas + Hochberg 0882#\ though not in the context
of pesticide treatments[ Earlier work has concentrated
on providing prey species with a refuge in order to
avoid over!exploitation of the prey by predators[ In
our study the e}ect was to provide a refuge for pred!
ators to avoid an extrinsic mortality factor "the pyr!
ethroid spray#\ which would have destabilized the
preyÐpredator system by the near complete elim!
ination of predators leading to rapid population

expansion of the prey species[ Predator populations
in refuges acted by decreasing the mean entire!tree
density of phytophagous mites\ rather than the refuges
providing a population of predators for dispersion to
sprayed leaves[ A high percentage of the variation in
entire!tree predator and prey densities could be explai!
ned simply by the size of refuges[ The predators T[
caudiglans and Z[ mali appeared to limit P[ ulmi\ A[
schlechtendali and\ to a lesser extent\ Tetranychus urt!
icae densities in unsprayed trees or refuges[

Densities of Z[ mali were initially only slightly
reduced on sprayed leaves and\ subsequently\ popu!
lations of this predator equalled or exceeded those on
refuge leaves[ However\ Z[ mali alone was unable to
control the P[ ulmi outbreak on sprayed leaves[ This
result is similar to that of Santos + Laing "0874# who
showed that Z[ mali is much less voracious than are
phytoseiids\ and is unable to control P[ ulmi
outbreaks[ In fact\ the presence of Z[ mali in North
American orchards has been shown in some cases to
inhibit biological control of P[ ulmi and T[ urticae
through intra!guild predation or competition "Clem!
ents + Harmsen 0889^ MacRae + Croft 0885#[ This
e}ect was highlighted in simulations which con!
sistently showed decreased Typhlodromus caudiglans
populations and increased P[ ulmi populations\ as
densities of Z[ mali increased "Woolhouse + Harmsen
0876#[ In the present study\ Z[ mali may have thus
inhibited T[ caudiglans recolonization and consequent
biological control of P[ ulmi onto sprayed leaves[

The creation of large refuges throughout time may
serve to encourage predator diversity within managed
orchards\ as Hochberg + Hawkins "0881# postulated[
In our study we commonly observed only two major
predators\ T[ caudiglans and Z[ mali[ Compared to
unsprayed orchards in this area\ this is a much reduced
predator diversity "Thistlewood 0880#[ The use of ref!
uges may aid in increasing predator diversity\ which
has been correlated with an increased probability of
biological control "Hawkins + Gross 0881#\ and there
is some evidence for this e}ect in acarine systems of
apple orchards "Croft + Slone 0886#[

With the predator and prey densities observed in this
study\ we demonstrated that it was necessary to have a
refuge of at least 59) of the tree to restrict P[ ulmi
densities to below economic thresholds\ which appears
impractical for pest control[ However\ in some crops
refuges from pesticide disturbance do approximate this
size[ For example\ sprays are applied to every alter!
native row of apples in Pennsylvania\ maintaining mite
predator populations within the orchard "Hull\ Hickey
+ Kanour 0872#[ There is increasing evidence that ref!
uges consisting of plants other than the crop "e[g[
Corbett + Rosenheim 0885#\ or as part of the crop "e[g[
Thomas\ Wratten + Sotherton 0880#\ can maintain a
source of predators for biological control[ Further
work is needed on the e}ects of refuge size on other
orchard pest species\ with their associated predators
and parasitoids[ The maintenance of predator popu!
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lations for control of the pest when undisturbed\ and
their subsequent dispersal onto pesticide!disturbed
leaves and trees\ are two key factors for controlling
phytophagous mite outbreaks that are themselves
induced by agricultural practices[
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