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Abstract

We tested the hypothesis that control of an herbivorous pest would be improved by providing Xoral resources for adult natural ene-
mies. The herbivore was euonymus scale, Unaspis euonymi (Comstock) (Homoptera: Diaspididae), a serious pest of woody ornamental
plants. The experimental landscape consisted of 3£ 3 m plots, each containing a central bed of Euonymus fortunei (Turcz.) that was
infested with the scale. Floral resource plants were cultivars of four species that overlapped in bloom periods to provide a continuous sup-
ply of Xoral resources during summer: Trifolium repens L., Euphorbia epithymoides L., Coreopsis verticillata L. var. ‘Moonbeam,’ and Sol-
idago canadensis L. var. ‘Golden Baby.’ Plots contained either low or high densities of all four species, or no resource plants. Densities of
euonymus scale were typically lower in plots containing resource plants than in plots without them. Parasitism by Encarsia citrina (Craw.)
(Hymenoptera: Aphelinidae) was rarely inXuenced by the experimental treatments, Xower biomass, whole-plant biomass, or scale density,
but in some cases was inversely correlated with density of scales within a generation and in the subsequent generation. Parasitism occa-
sionally reduced densities of scales in plots containing resource plants, but this eVect apparently was related to vegetative, not Xoral qual-
ities of plants. A steady increase in parasitism rate over the three-year course of the experiment across the entire landscape was associated
with decreasing density of scales, suggesting a numerical response by the parasitoid population. These Wndings suggest that the parasitoid
is capable of eVectively controlling euonymus scale in ornamental landscapes where environmental conditions are favorable.
© 2005 Elsevier Inc. All rights reserved. 
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1. Introduction

Much attention has been given to the beneWcial eVects of
Xoral resource plants on natural enemies in agroecosystems
(e.g., Altieri and Whitcomb, 1979; Cowgill et al., 1995; Idris
and GraWus, 1995; Zhao et al., 1992). Floral nectar and pol-
len are fed upon by predaceous insects such as syrphids
(Carreck and Williams, 1997; Hickman and Wratten, 1996;
White et al., 1995), coccinellids (Freeman Long et al., 1998;
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Nalepa et al., 1992; Pemberton and Vandenberg, 1993), and
lacewings (Freeman Long et al., 1998). Adult parasitoid
wasps also may visit Xowers to obtain nectar and/or pollen
that provide essential nutrients and energy, and improve
survival, fecundity, Xight ability, and vigor in general
(Baggen and Gurr, 1998; Begum et al., 2004; Carreck and
Williams, 1997; Elton, 1966; Foster and Ruesink, 1984;
Hougardy and Grégoire, 2000; Idris and GraWus, 1995,
1997; Jervis et al., 1993; Lee et al., 2004; Leius, 1960, 1963;
Shahjahan, 1974; Steppuhn and Wäckers, 2004; Syme, 1975;
Tooker and Hanks, 2000a; Wäckers, 2001, 2004). Floral
resource plants may also provide shelter and alternative
prey to natural enemies (Landis et al., 2000). Incorporating
Xoral resource plants into agroecosystems can enhance
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natural enemy populations (Hickman and Wratten, 1996;
Patt et al., 1997a; White et al., 1995), but may fail to result in
eVective biological control of the target pest if Xowering
does not coincide with the activity period of natural enemies
(Bowie et al., 1995), if corolla structure hinders feeding by
adult natural enemies (Patt et al., 1997b), or if natural ene-
mies do not move between resource plants and crop plants
(Bigger and Chaney, 1998; Freeman Long et al., 1998).

Conservation biological control also holds promise for
managing pests in urban ornamental landscapes. Such
landscapes are often poor quality habitats for natural ene-
mies because they are Xoristically impoverished, dominated
by pavement and turf, subject to high temperatures, pollu-
tion, and dust, and devoid of resources that are required by
adult natural enemies (Dreistadt et al., 1990; Hanks and
Denno, 1993; Sperry et al., 2001). Abundance and diversity
of natural enemies, and impact on their host populations, is
inXuenced by the composition and structure of the urban
plant community (see Ellis et al., 2005). For example,
Shrewsbury and Raupp (2000) found higher rates of preda-
tion of azalea lace bug in urban plant communities that
were taxonomically and structurally diverse. Hanks and
Denno (1993) reported that generalist natural enemies of a
scale insect were more abundant, and predation rates
greater on host trees that stood in woodlots with high plant
species diversity and abundance than on trees that were
more isolated. Higher rates of predation in the more diverse
habitats resulted in lower densities of scales (Hanks and
Denno, 1993). Similarly, generalist predators of a diVerent
scale species were more diverse and abundant, and scale
populations were correspondingly lower, on pine hosts that
occurred in park-like settings with high plant species diver-
sity than on pines in depauperate urban landscapes (Too-
ker and Hanks, 2000b).

In this study, we test the potential for using Xoral
resource plants to enhance control of euonymus scale, Una-
spis euonymi (Comstock) (Homoptera: Diaspididae), an
economically important pest of ornamental plants in urban
landscapes (Kosztarab, 1996; Van Driesche et al., 1998a).
This pest apparently originated in Asia and has been intro-
duced into many temperate regions of the world, including
the United States (Drea and Carlson, 1987; Gill et al., 1982;
JeVerson and Schultz, 1995). In Indiana, euonymus scale
completes two generations per year, and a partial third gen-
eration does not survive the winter (EJR, pers. obs.). Euon-
ymus scale commonly infests Pachysandra (Buxaceae) and
many species of Celastraceae, especially Euonymus, includ-
ing species used extensively in urban landscapes (JeVerson
and Schultz, 1995). In heavy infestations, waxy covers of
the scale encrust stems and leaves of host plants and greatly
reduce aesthetic quality. Localized chlorosis results from
penetration of intracellular layers by the stylets and prob-
ing of parenchyma cells, the primary target in leaf tissue
(Sadof and Neal, 1993). Heavy infestations can reduce pho-
tosynthetic leaf area, stunt growth, and result in early leaf
senescence and abscission, branch dieback, and eventual
death of the plant (CockWeld and Potter, 1986, 1987).
Euonymus scale is attacked by a suite of natural ene-
mies, including predaceous coccinellid and nitidulid beetles,
hemisarcoptid mites, and species of aphelinid wasps that
have been imported from Asia as biological control agents
(Houck and OConnor, 1990; Van Driesche et al., 1998b).
An aphelinid parasitoid of euonymus scale that is broadly
distributed in the northeastern and central United States
has been identiWed previously as Aspidiotiphagus sp. (Bryan
et al., 1995), but is probably Encarsia citrina (Craw.) (see
Matadha et al., 2003). This wasp has a worldwide distribu-
tion and is highly polyphagous, attacking a large number of
coccid species (Chumakova, 1965; Malipatil et al., 2000;
Taylor, 1935). The wasp is a primary, solitary endoparasi-
toid, though superparasitism is common for several host
species (Taylor, 1935). E. citrina is capable of parasitizing
both male and female euonymus scales, and shows a prefer-
ence for younger scales (Matadha et al., 2005). The wasp is
proovigenic and only females are known (Cooper and Oett-
ing, 1987; Malipatil et al., 2000). At least two generations
occur per year in Indiana; emergence of adults in early May
and early July appears synchronized with that of Wrst-instar
euonymus scales (EJR, pers. obs.).

In an earlier paper (Rebek et al., 2005), we reported that
arthropod natural enemies were more abundant in euony-
mus beds that were surrounded by Xoral resource plants
than in beds without these plants. In the present paper, we
test the hypothesis that this general increase in the abun-
dance of natural enemies in the presence of Xoral resource
plants will translate into suppression of populations of
euonymus scale by associated natural enemies.

2. Materials and methods

2.1. Study plots and plant species

Research plots were established in the summer of 1999 in
a turf area adjacent to the Purdue University Nursery in
West Lafayette, Indiana. Forty-four plots were arranged in
four columns that were 6 m apart and 11 rows that were 3 m
apart. Two corner plots were eliminated from study to
establish 14 replicates of three treatments (see below). Ten
rows of plots were used for long-term studies on abundance
of natural enemies (ND30 plots) while four rows that were
separated from long-term plots by 6 m were used for
shorter-term studies on natural enemy abundance and
Xoral bloom phenology (ND12 plots; see Rebek et al.,
2005). Each study plot contained a central 1-m2 bed of
Euonymus fortunei (Turcz.) var. ‘Coloratus,’ container
grown and purchased from a local nursery, planted on
22 cm centers (20 plants per bed). Prior to planting, we inoc-
ulated euonymus plants with mobile Wrst-instar euonymus
scales in the greenhouse by attaching scale-infested euony-
mus cuttings to each plant (see Sadof and Raupp, 1991).
Euonymus beds were surrounded by a »10-cm layer of
composted wood mulch that was amended each spring. All
plants grew vigorously and we trimmed them each fall to
maintain the original border with the wood mulch. Areas
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between plots were seeded with Kentucky bluegrass, Poa
pratensis L.

Plots were irrigated during periods of low precipitation
with an overhead sprinkler system (0.8-m tall) running
between plot rows. Weeds growing within plots were usu-
ally pulled by hand, but several localized applications of
glyphosate (480 g a.i./L; Round-up Pro; Monsanto, St.
Louis, MO) were required each year to suppress weeds. We
managed weeds growing in turf areas by mowing, and sup-
pressed broadleaf weeds by applying 2,4-D (240 g a.i./L),
Dicamba (25 g a.i./L), and Mecoprop-P (128 g a.i./L; Trimec
Classic, PBI Gordon, Kansas City, MO USA) each spring.

The experimental treatments were varying densities of
four species of Xoral resource plants, each randomly
assigned to separate plot quadrants, that surrounded the
beds of euonymus plants (see Rebek et al., 2005 for sche-
matic of plot design). Floral resource plants were selected
to provide natural enemies a continuous supply of
resources from early spring through early fall, and
included: (1) Xowering spurge, Euphorbia epithymoides L.
(Euphorbiaceae), blooming from mid-April to mid-May,
which has exposed nectaries that are readily accessible to
natural enemies (Patt et al., 1997b); (2) coreopsis, Coreopsis
verticillata L. var. ‘Moonbeam’ (Asteraceae), blooming
from mid-June to late August, which produces abundant
pollen; (3) goldenrod, Solidago canadensis L. var. ‘Golden
Baby’ (Asteraceae), blooming from late June to mid-
August, which is visited in abundance by a diversity of
natural enemies (Tooker and Hanks, 2000a); and (4) white
clover, Trifolium repens L. (Fabaceae), blooming from late
May to mid-July, which is attractive to aphelinid parasit-
oids of scale insects (Tooker and Hanks, 2000b). Treat-
ments were assigned randomly to plots and included a “No
Flower” treatment (plot without any resource plants), a
“Low Flower Density” treatment (euonymus bed sur-
rounded by one row of each species of resource plant con-
sisting of three plants spaced 0.3 m apart), and a “High
Flower Density” treatment (euonymus bed surrounded by
three rows of each species of resource plant, 0.3 m apart,
consisting of 3, 5, and 7 plants, respectively). We established
Low Flower Density and High Flower Density treatments
for white clover by seeding one or three rows, respectively,
in one quadrant surrounding the euonymus bed. Our culti-
var of euonymus, E. fortunei var. ‘Coloratus,’ does not pro-
duce inXorescences and so contributes vegetative qualities
to plots but not Xoral resources.

In 2003, we altered the experimental design of long-term
study plots (ND 30) to investigate further how control of
euonymus scale was inXuenced by inXorescences of Xoral
resource plants. No Flower plots were retained from earlier
experiments, while plots with resource plants were assigned
two new treatments: all Xower buds were removed prior to
bud break in “Flowers Removed” plots, but Xowers were
allowed to bloom in “Flowers Intact” plots. We established
an even distribution of resource plant densities across these
two treatments by ranking plots by the percent area cov-
ered by euphorbia in late April 2003 (the only resource
plant species present) and assigning alternate plots to the
Flowers Removed treatment.

2.2. Estimating density of euonymus scale

Based on our hypothesis, we expected abundance of
resource plants within plots would be positively associated
with mortality rate of euonymus scale and inversely related
to scale population density. We assessed mortality of the
scale and population densities in the Wrst and second genera-
tions by sampling adult female euonymus scales from long-
term plots (ND30) in early spring, mid-summer, and early
fall (10 sample dates: 3 October 2000; 19 April, 25–26 July,
and 30 October 2001; 23–24 April, 31 July, and 6 November
2002; 23–24 April, 5 August, and 20 October 2003). Euony-
mus stems were randomly selected for sampling by placing
over the plot a 1-m2 wooden frame with a 10£10-cm grid of
wires (see Sadof and Sclar, 2000). We used a random number
table to select 10 of 100 possible X and Y coordinates on the
grid for sampling points on each census date. A 15-cm
wooden plant stake was driven into the ground at each coor-
dinate and we counted female scales on the 10 stems located
nearest each stake. Stems with at least three female scales
were collected and cut ends were sealed with hot paraYn wax
in the laboratory to slow desiccation. We sampled Wve stems
per plot in 2000–2001 for rearing adult parasitoids and esti-
mating scale mortality (see below), but sampled only two
stems per plot in 2002–2003 for estimating mortality.

2.3. Estimating mortality rate

We reared parasitoids from euonymus scale in 2000 and
2001 from three of the Wve stems sampled per plot. These
stems were selected arbitrarily and placed into separate 10.3-
cm diameter cardboard tubes that were Wtted with a 4-dram
glass vial and placed on lab benches under ambient condi-
tions (24§2°C, 12:12 h L:D). We identiWed adult parasitoids
to family and submitted specimens to the USDA-ARS Sys-
tematic Entomology Laboratory in Beltsville, MD for identi-
Wcation. Voucher specimens have been deposited in the
Purdue University Entomology Research Collection.

Mortality rates were estimated from the remaining two
stems sampled from plots in 2000–2001, and the two stems
sampled in 2002–2003. These were placed in a 7 °C refriger-
ator for up to 14 days following sampling to delay develop-
ment of scales and parasitoids. We recorded the number of
scales on these stems that were alive, dead, or parasitized by
removing their waxy covers (tests) with a needle. Live euon-
ymus scale females were bright orange, and under the tests
of many were several small, ovoid, orange eggs, and/or Wrst-
instar crawlers. Dead scales were generally dark brown to
black and desiccated. Jagged holes in tests were indicative
of predation, but adult parasitoids left smooth, round holes
in tests (EJR, pers. obs.).

We estimated density of scales per stem by dividing the
number of live females, and total number of females (i.e.,
live plus parasitized) by length (cm) of the stem sample. We
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calculated parasitism rate for each stem by dividing the
number of parasitized females by the total number of
females. Because transformations did not lead to homoge-
neity of variance for scale densities and parasitism rates, we
used the nonparametric Kruskal–Wallis test (PROC
NPAR1WAY, SAS Institute, 1985) to test diVerences
among treatment means for each sample date. We per-
formed pairwise comparisons between treatment means
with the Wilcoxon rank-sum test (PROC NPAR1WAY,
SAS Institute, 1985) using an exact two-tailed P value.

We used simple linear regression (PROC REG, SAS
Institute, 1985) to examine relationships between (1) arc-
sine square root (x) parasitism rate and log10 (x + 1) density
of live female scales in the next generation and (2)
log10 (x + 1) density of total female scales and arcsine square
root (x) parasitism rate within each generation. Residuals
from regression analyses were normally distributed (PROC
GPLOT, SAS Institute, 1985), conWrming that model selec-
tion was appropriate (Neter et al., 1996).

2.4. Estimating biomass of inXorescences and Xoral resource 
plants

To estimate abundance of inXorescences within plots, we
removed all senescent and late-bloom inXorescences at the
end of the 2002 season, dried inXorescences to constant
weight at 70 °C, and measured dry weight of inXorescences
per plant species and total inXorescence dry weight of all
species combined. We estimated per plot biomass of
resource plants at the end of the 2003 season by harvesting
and drying all above-ground plant material and recording
dry weight per plant species and total dry weight of all spe-
cies. We used Pearson correlations (PROC CORR, SAS
Institute, 1985) to compare mean densities of live and total
female scales [log10 (x + 1)], and parasitism rate (arcsine
square root [x]) across treatments with dry weights
[log10 (x + 1)] of Xowers in 2002 and whole plants in 2003.
Transformations stabilized the variance in dry weight data.

We present means §1 SE throughout, and all analyses
were tested with a signiWcance level of �D 0.05.

3. Results

Densities of total female euonymus scales (live plus par-
asitized) initially averaged 4.07§ 0.80 per cm of stem across
treatments, but steadily declined over the course of the
experiment (Pearson correlation of mean log [x + 1] density
across treatments and sampling date: rD¡0.77, ND8,
PD 0.025). Densities of live female scales were initially simi-
lar across treatments (Fig. 1), but were signiWcantly higher
in No Flower plots for several sampling dates from summer
2001 through fall 2002 (Kruskal–Wallis statistic for sum-
mer 2001: �2D9.03, PD0.011; spring 2002: �2D8.47,
PD 0.015; summer 2002: �2D8.63, PD 0.013). Densities of
live females were similar in Low and High Flower Density
treatments throughout the study, and densities tended to be
higher in fall than the following spring (Fig. 1).
Predation was rare in our study and the primary source
of mortality was parasitism. E. citrina was the only parasit-
oid reared from scale samples in 2000 and 2001 (ND7286
adult wasps in total). Parasitism rate was signiWcantly inXu-
enced by treatment in only two of eight sample periods
(Fig. 2), being higher in the Low Flower Density treatment
than the No Flower treatment in fall 2000 (Kruskal–Wallis,
�2D6.84, PD0.033), and higher in the treatments having
Xoral resource plants than the No Flower treatment in
summer 2001 (Kruskal–Wallis �2D10.5, PD0.005). Para-
sitism rate gradually increased over time, reaching an aver-
age of 79% (Fig. 2), corresponding to the steady decline in
scale population density at the spatial scale of the entire
experimental landscape (Fig. 3). The ability of E. citrina to
suppress densities of female scales at the spatial scale of the
study plot was indicated by signiWcant inverse relationships
between scale density and parasitism rate in the previous
generation for Wve of nine intergenerational comparisons,
especially early in the study (Fig. 4). Parasitism rate was
inversely correlated with density of female scales within the
same generation for three sample dates (Fig. 5), indicating

Fig. 1. Mean (§1 SE) density of live female euonymus scales per cm of
stem per plot. Means with diVerent letters within a sample date are signiW-
cantly diVerent (Wilcoxon test P 6 0.05).

Fig. 2. Mean (§1 SE) parasitism rate of female euonymus scales per plot.
Means with diVerent letters within a sample date are signiWcantly diVerent
(Wilcoxon test P 6 0.05).



324 E.J. Rebek et al. / Biological Control 37 (2006) 320–328
that, within euonymus plots, parasitism was occasionally
inverse density dependent, but usually density independent.

Density of live female euonymus scales and parasitism
rate were not inXuenced by removing Xowers from Xoral
resource plants in 2003. Average scale density ranged from
0.07§ 0.02 to 0.45§0.21 across treatments in summer 2003
(Kruskal–Wallis �2D 4.29, PD0.12), and from 0.36§0.09
to 1.06§0.51 in fall 2003 (Kruskal–Wallis �2D1.70,
PD0.43). Average parasitism rate ranged from 0.55§0.09
to 0.80§0.05 across treatments in summer 2003 (Kruskal–
Wallis �2D5.36, PD0.069), and from 0.26§0.05 to
0.36§ 0.08 in fall 2003 (Kruskal–Wallis �2D0.31, PD 0.86).

Fig. 3. Relationship between density of all female euonymus scales per cm
of stem [log10 (x + 1)] and mean parasitism rate (arcsine square root [x])
across treatments for fall 2000 through spring 2003 (y D¡0.54x + 0.89,
r2 D 0.71, P D 0.008).
Dry weight of the inXorescences of Xoral resource plants
was not signiWcantly correlated with scale population vari-
ables in 2002 or 2003 (Pearson correlation, P> 0.05), with the
exception of an inverse relationship between log10(x+ 1) dry
weight of euphorbia Xowers and log10 (x +1) density of live
females in summer 2002 (rD¡0.45, ND20, PD0.048).

4. Discussion

Floral resource plants clearly inXuenced the population
dynamics of euonymus scale on euonymus host plants in
our experimental landscape. Average densities remained
below two live females per cm of stem through four genera-
tions in study plots that contained Xoral resource plants,
but were signiWcantly higher in plots without these plants
during some sample periods (Fig. 1). These results support
our hypothesis that herbivore populations can be sup-
pressed by planting Xoral resource plants adjacent to host
plants of pests. This eVect of resource plants on scale popu-
lation density was not inXuenced by planting density within
the range that we tested, however, as indicated by a lack of
signiWcant diVerences between Low and High Flower Den-
sity treatments (Fig. 1). Densities of live females declined
from fall to spring of all three years (Fig. 1), probably due
to extreme cold temperatures, which have been implicated
in winter mortality of other species of armored scales
(Mazzoni et al., 2001; McClure, 1989).
Fig. 4. Relationship between parasitism rate in generation t (arcsine square root transformed) across treatments and density of live female euonymus
scales [log10 (x + 1)] per cm of stem in generation t + 1. Fall 2000: y D¡0.63x + 0.55, r2 D 0.28, P D 0.003; Spring 2001: y D¡0.90x + 0.98, r2 D 0.55,
P < 0.0001; Summer 2001: yD¡0.91x + 1.1, r2 D 0.53, P < 0.0001; Spring 2002: y D¡0.40x + 0.51, r2 D 0.27, P D 0.003; Summer 2003: y D¡0.19x + 0.35,
r2 D 0.21, P D 0.012.
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Although population densities of euonymus scale were
lower in plots that contained Xoral resource plants com-
pared to plots without these plants on some sample dates,
the underlying cause of this relationship remains unclear.
Biomass of inXorescences of Xoral resource plants was
rarely correlated with parasitism rate or scale density, and
removing inXorescences from some plots had no eVect on
control. The positive inXuence of Xoral resource plants on
natural enemies in general within the experimental land-
scape also was apparently independent of their inXores-
cences (see Rebek et al., 2005). Little is known of the diet of
adult aphelinids (see Viggiani, 1984), but they may feed on
pollen (see Tooker and Hanks, 2000b). Because E. citrina is
proovigenic (Chumakova, 1965), however, feeding on Xoral
resources should not improve fecundity, though Xoral nec-
tar could provide an energy source and improve longevity
and parasitism. Vegetative characteristics of resource plants
may have improved survival of the parasitoid by providing
a favorable microenvironment, such as by ameliorating
humidity and temperature (see Landis et al., 2000).
Enhanced survival of E. citrina in plots surrounded by
Xoral resource plants could have resulted in increased para-
sitism of euonymus scale. Alternatively, vegetative parts of
Xoral resource plants may produce volatile compounds that
attract natural enemies (Barbosa and Wratten, 1998), which
could also explain our results.

Fig. 5. Within-generation relationship between density of all female euon-
ymus scales per cm of stem [log10 (x + 1)] and parasitism rate (arcsine
square root transformed) across treatments. Fall 2000: yD¡0.43x + 0.68,
r2 D 0.33, P D 0.001; Spring 2001: y D¡0.81x + 1.06, r2 D 0.52, P < 0.0001;
Summer 2002: y D¡0.70x + 1.22, r2 D 0.14, P D 0.04.
Encarsia citrina was the key natural enemy in our study,
as is true in other areas of Indiana and surrounding states
(Bryan et al., 1995), in Massachusetts (Van Driesche et al.,
1998b), and in New Jersey (Matadha et al., 2003). Parasit-
ism rate reached an average of 79% in spring 2003 (Fig. 2),
within the range of rates reported for parasitism of euony-
mus scale by E. citrina in the former Soviet Union (24–88%;
Chumakova, 1965), but exceeding rates reported in the
eastern United States (13–34%; Van Driesche et al., 1998b).
Although parasitism rate was density independent for most
sampling dates, on three dates there was an inverse rela-
tionship consistent with a Type I functional response
recently reported for E. citrina when parasitizing a diVerent
armored scale species (Matadha et al., 2005). In contrast,
McClure (1977) consistently found a positive density-
dependent relationship between abundance of elongate
hemlock scale, Fiorinia externa Ferris, and parasitism by
Aspidiotiphagus citrinus (Craw.) (i.e., E. citrina). Several spe-
cies of scale insects are eVectively controlled by parasitoids
even though parasitism rates are not positively density
dependent (Hirose et al., 1990; Murdoch et al., 1984; Reeve
and Murdoch, 1985; Smith and Maelzer, 1986; Thórarins-
son, 1990), and positive density-dependent parasitism has
not necessarily assured eVective biological control of other
scale insects (e.g., McClure, 1977). Inverse density-depen-
dent and density-independent parasitism have been docu-
mented for many parasitoid species (e.g., Bezemer and
Mills, 2001; Hanks et al., 2001; Noldus and van Lenteren,
1990; Quayle et al., 2003; Rivera et al., 1999; Sugiura and
Osawa, 2002), and both can be as important to biological
control as positive density dependence (Van Driesche and
Bellows, 1996).

Distinct from such within-generation responses of natu-
ral enemy populations to host density are temporal pat-
terns of mortality (Hassell, 1966). Gradual increase in
parasitism rate of euonymus scale over time in our study
could have resulted from incremental growth of parasitoid
populations with colonization and reproduction over the
years, or greater rates of immigration into the experimental
landscape within generations in response to increasing den-
sities of Xoral resource plants. Also, parasitoids could have
been retained for increasingly longer periods of time as den-
sities of resource plants increased. Regardless of the mecha-
nism, the correspondence between increasing rates of
parasitism and declining densities of scales across treat-
ments (Fig. 3) suggests that the parasitoid population
responded temporally to host density at the spatial scale of
the entire experimental landscape, resulting in eVective con-
trol over time. The resulting suppression of scale densities
throughout the landscape apparently eliminated more
localized patterns of mortality at the level of individual
plots, thereby obscuring treatment eVects. Control of other
species of scale insect pests has been attributed to the
numerical response of parasitoid populations over time
(Hirose et al., 1990; Murdoch et al., 1984). The ability of E.
citrina to reduce scale population density also was indi-
cated by inverse relationships between parasitism rate dur-
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ing one generation and scale density in the following
generation (Fig. 4).

A critical issue in applied biological control is determin-
ing whether natural enemies suppress pest populations to
low densities. If so, they would be more likely to maintain
pest densities at or below damaging levels. Our Wndings
suggest that E. citrina can eVectively regulate populations
of euonymus scale at low densities under suitable environ-
mental conditions, and lend further support to the notion
that Xoral resource plants are an important component of
eVective biological control of pest species in urban land-
scapes.
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