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ABSTRACT
The bayberry whitefly, Parabemisia myricae (Kuwana), a Far East Asian species, 
invaded southern California and proved to be a severe pest of citrus. Parasitic 
Hymenoptera were imported into California from Japan, mass-reared, colonized, 
established, and field evaluations were undertaken. An adventitious parasite, 
Erelmocerus debachi Rose and Rosen, proved to be the most effective natural enemy of 
P. myricae and achieved fortuitous biological control in southern California. Purposeful 
introduction of E. debachi into Israel and Turkey also resulted in successful biological 
control. The biological control project organization, implementation and results are 
discussed.
KEY WORDS: Biological control, citrus, Parabemisia myricae (Kuwana), parasitic 
Hymenoptera, Eretmocerus debachi.

Southern California citrus has a rich biological control history (DeBach and Rosen, 1991; Rose, 
1988). Biological control of whitefly (Homoptera : Aleyrodidae) has been particularly significant 
during the past 20 years or so due to successful utilization of parasitic Hymenoptera to regulate 
populations of three invading species: the citrus whitefly, Dialeurodes citri (Ashmead), and the 
bayberry whitefly, Parabemisia myricae (Kuwana), both Asian; and the new world woolly white
fly, Aleurothrixus floccosus (Maskell) (DeBach and Rose, 1976; Rose et al., 1981; Rose and 
DeBach, 1982 a,b). The following describes the biological control project directed toward achiev
ing population regulation of P. myricae by parasitic Hymenoptera in southern California.

We dedicate this paper to our friend and colleague, Eliyahu Swirski, who organized and 
implemented the biological control of P. myricae in Israel.

INVASION AND DETECTION
The bayberry whitefly was first detected in southern California in October, 1978 on Gardenia 
jasminoides in nurseries, during inspection for the citrus blackfly, Aleurocanthus woglumi Ashby. 
It was identified by Ray Gill, California State Department of Food and Agriculture. Within two 
months after discovery, P. myricae was known to occur in commercial nurseries in seven counties 
and on residential properties in Los Angeles and Orange counties. The movement of infested 
Gardenia in all probability greatly accelerated the distribution of P. myricae in southern California.

Initially field populations of P. myricae on citrus were observed at low densities and appeared 
nearly inconsequential. This remained true during the winter of 1978-79; by August, 1979 
populations on the same sites had increased by several hundredfold and with the advent of dry 
winds in the fall caused considerable defoliation. Larval populations of 1,000+ were the norm on 
full-size, bright-green foliage on citrus.

The first P. myricae infestations in commercial citrus were discovered in Orange County in
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October, 1979. These populations grew rapidly and caused defoliation of lemons and Valencia 
oranges. Overwintering populations were quite small but began to grow quickly during the 
summer of 1980, prompting the first emergency chemical treatments on large blocks of commer
cial citrus in Orange County. By 1982 the whitefly was established in commercial citrus in 
Orange, Riverside, San Bernardino, San Diego, Santa Barbara and Ventura counties (Fig. 1).

During our surveys and field investigations in 1978-84, we conducted thorough sampling of 
the two main host plants, Gardenia and Citrus, to determine the presence of naturally-occurring 
parasite species reproducing in P. myricae. We recovered Encarsia nr. meritoria and an uniden
tified Encarsia sp. in very low numbers; these parasites exhibited no regulatory effect on the 
whitefly population.

Fig. 1. Distribution of Parabemisiamyricaein southern California included all of the citrus regions, except the 
desert, by 1982.

THE WHITEFLY

Parabemisia myricae was originally described as Bemisia myricae (Kuwana, 1927) from 
specimens taken from Myrica rubra, Morus alba, Citrus spp. and other plants in Japan (Mound 
and Halsey, 1978). Its known range in 1979 included Taiwan and Malaya (Mound and Halsey, 
1978). Israel, Turkey and Italy (Swirski et al., 1988; Uygun et al., 1990; Barbagallo, pers. comm., 
1991) have subsequently been invaded.

lino and Matsutani (1933) conducted research on P. myricae at the Mie Sericultural Laboratory 
(Honshu) and discussed the morphology of immature and adult stages, life history and behavior, 
host plant range, distribution in Japan, natural enemies and chemical control. They state that 
outbreaks of sooty mold growing on P. myricae honeydew first occurred in one village in Mie 
Prefecture in 1925. The affected plants were in mulberry plantations grown for silkworm culture. 
By the following year the problem spread to encompass several villages and hundreds of hectares; 
the foliar damage then created problems in silkworm production. P. myricae was first detected in 
Japan in Kochi Prefecture in 1924 by Kameo Murakami. Kuwana (1909a,b; 1910a,b,c; 1922) had
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published five volumes on the Aleyrodidae of Japan and had described a new species of 
Diaspididae from mulberry, prior to the discovery of P. myricae in Kochi.

Sericulture was re-emphasized in Japan beginning about the time P. myricae populations 
became problematic. Also, various strains of mulberry were introduced from other Asian countries 
for silkworm food. It seems probable that P. myricae was either accidentally introduced into Japan 
with mulberry, or that the profusion of mulberry plantings for sericulture provided a vast new food 
source. Additionally, periodic harvesting of foliage (radical pruning of branches bearing full-size 
leaves) for silkworm food creates synchronous growth flushes that are ideal for reproduction by 
P. myricae and which could well have periodically reduced natural enemy populations (see 
Conservation of Natural Enemies, following).

The systematic placement of P. myricae is based on the structure and chaetotaxy of the 
fourth-stage larva, which encloses the pupal stage, and characteristics of the vasiform orifice. 
Parabemisia myricae fourth-stage larvae (Figs. 2, 3) bear no dorsal setae, the body margin bears 
a wax skirt that conceals 24-26 short setae, there are 2 short caudal setae, the triangular vasiform 
orifice is located cephalad of the distal margin, the semi-circular operculum covers only the 
cephalad 40% or so of the vasiform orifice, the lingula is exposed for ca. 60% of its length and 
bears 2 long setae at the apex.

Adult P. myricae (Fig. 4) are smaller than either D. citri or A. floccosus and appear dusty 
blue-grey or lavender. Adults congregate on new, small citrus foliage (shoots, feather growth) and 
oviposit nearly exclusively on new growth (Fig. 5). Eggs (Fig. 6) are attached with a supporting 
pedicel to both sides of leaves. The eggs become black within a day or so and are conspicuous, 
particularly along leaf margins. The mobile crawler stage of the first instar usually migrates to the 
underside of leaves to settle and feed. At high population densities crawlers settle on green, 
angular wood where complete development occurs, providing an area of survival when defoliation 
is severe. All four settled larval stages bear a clear wax fringe (skirt) around the margin (Fig. 7).

In southern California, P. myricae reproduces thelytokously. We observed only 5dtf during the 
entire program. In Japan, lino and Matsutani (1933) reported males in all generations and 
described copulation. Duration of development from egg to adult on rough lemon seedlings grown 
under glasshouse conditions of 17.3-21.1°C and 65-100% RH during October in California 
required as few as 21 days. lino and Matsutani (1933) reported complete development in as few 
as 20 days during June and as long as 250+ days overwinter. In southern California, all stages of 
P. myricae were found to occur in the field throughout the year.

Thelytokous reproduction in P. myricae undoubtedly contributed to accelerated dispersal and 
explosive population increases. Complete reliance on chemical control in nurseries resulted in 
frequent insecticidal treatments for P. myricae with many different chemicals before the whitefly 
became established in commercial citrus. Selection for resistance could well explain the later 
ineffectiveness of chemical control measures undertaken by citrus growers and pest control 
advisors.

DAMAGE

Both adult and immature P. myricae feed through sucking mouthparts and the larvae produce 
copious honeydew (Fig. 8). Walker (1987, 1988) and Walker and Aitken (1985) describe the 
feeding mechanisms. Honeydew falls onto the upper leaf surfaces of more mature leaves from the 
bright-green growth inhabited by P. myricae larvae. Cladosporium sooty molds grow on the 
honeydew, causing a series of damaging problems.

The sooty mold itself obscures upper leaf surfaces (Fig. 9) and interferes with photosynthesis 
and transpiration. Dust and debris become trapped in the honeydew and sooty mold which further 
obscures the leaf surface and is detrimental to searching by minute natural enemies (e.g., Aphytis). 
Further, dust is itself lethal to the micro-Hymenoptera (Bartlett, 1951). These factors, in combina-
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Figs. 2-9. 2. Fourth-stage/5, myricae. 3. Vasiform orifice of P. myricae, SEM. 4. Adult P. myricae 9. 5. Adult 
99 P. myricae congregated on new citrus foliage. 6. P. myricae: Eggs on margin of lemon leaf. 7. P. myricae: 

Fourth-stage larvae showing wax skirt. 8. P. myricae: Fourth-stage larvae on lemon leaf with honeydew droplets. 
9. Sooty mold on upper leaf surfaces of lemon.



Vol. XXV-XXVI (1991-1992) 77

tion with the adverse effects of feeding by innumerable P. myricae in the absence of natural 
enemies, resulted in severe defoliation (Fig. 10).

The effects of high-density P. myricae populations on fruit production and quality were also 
quite dramatic. Citrus fruits are produced at twig terminals; this is the area of citrus trees that is 
most severely affected by P. myricae. The damage sequence begins with new foliage being 
selectively utilized by whitefly adults for oviposition (Fig. 11 a); as the developing whitefly 
mature, the lower leaves are increasingly covered with honeydew and sooty mold (Fig. 11 b). The 
whitefly population also becomes increasingly dense, causing the newest growth to desiccate; 
growth of the terminal stops when the growing tip is killed (Fig. 11 c). Small fruit are utilized for 
oviposition when P. myricae populations are dense. Lack of moisture and loss of vigor also cause 
the desiccation and abscission of small fruit (Fig. 12 a,b). Surviving fruit are covered with sooty 
mold; often the sooty mold on fruit acts as a heat sink, causing deformations and fruit decay (Fig. 
13 a,b). These symptoms were prevalent throughout the infested areas (see Fig. 1) and prompted 
the managers of Corona Foothill Lemon Company and Irvine Ranch — two of the largest lemon 
producers in Riverside and Orange counties — to declare P. myricae the worst citrus pest they 
had ever encountered.

Honeydew-seeking ants also created additional problems in citrus groves. The abundance of 
honeydew allowed rapid proliferation of nests of the Argentine ant, lridomyrmex humilis Mayr, 
under tree centers throughout the range of P. myricae. Although the honeydew of P. myricae is 
not as attractive to I. humilis as that of the woolly whitefly, it was much more abundant because 
the latter was (and is) under excellent biological control by natural enemies. The presence of I. 
humilis adversely affected the natural enemies of the woolly whitefly, the California red scale, 
Aonidiella aurantii (Maskell), the purple scale, Lepidosaphes beckii (Newman), the brown soft 
scale, Coccus hesperidum L., and the black scale, Saissetia oleae (Olivier) (Fig. 14).

The general upset of the “pest” complex on citrus was exacerbated by the use of insecticides 
in attempt to control P. myricae populations. Chemicals used included high- and low-volume oils, 
rotenone, Sevin®, malathion, parathion and various tank mixes. There was initially some excite
ment by pesticide applicators who predicted that the whitefly would soon be controlled, because 
various treatments were causing P. myricae eggs to turn black. This, of course, was not to be; the 
eggs turn black naturally. Regardless, the application of these chemicals completely upset ongoing 
biological control in citrus groves over large areas. Non-pests soon became major pests, while P. 
myricae could not be killed. In 1981 a major citrus producer stated that unsuccessful chemical 
control costs exceeded US $425 per acre of lemons (Irvine Ranch, pers. comm., 1981).

Damage to citrus caused by the invasion of P. myricae was due to the cumulative effects of 
infestation by the whitefly, secondary pest outbreaks, and pesticide-induced pest population up
sets. Effective natural enemies of P. myricae were needed in order to re-establish the complex 
natural enemy systems responsible for the biological control of a myriad of arthropods that live 
on citrus in southern California.

PROJECT ORGANIZATION

The biological control project was undertaken at the University of California South Coast Field 
Station (U.C.S.C.F.S.) in Orange County. A series of small glasshouses (Fig. 15) were constructed 
with funds from the California State Department of Food and Agriculture for mass-rearing natural 
enemies. Three larger glasshouses were utilized for rearing host plants and P. myricae. The 
quarantine laboratory at U.C. Riverside was utilized for importation of natural enemies.

Host plants for rearing P. myricae were rough lemon seedlings. These were donated by 
cooperating growers and were all certified as quick-decline vims free. Rough lemon seedlings 
were chosen because they grow rapidly and can be forced to produce many terminal shoots 
through pmning and feeding. Multiple shoots are needed to grow large numbers of P. myricae.



78 Israel J. Entomol.

Figs. 10-13. 10. Defoliation of lemon due to high-density populations of P. myricae. 11a. Vertical shoot on
lemon with adult P. myricae. l ib . Same vertical shoot as 11a, showing growth of sooty mold. 11c. Death of 
growing tip on lemon shoot. 12a. Desiccation of small lemon fruit. 12b. Abscission of small lemon fruit. 
13a. Sooty mold on lemon fruit. 13b. Deformed lemon due to heat absorption.
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Potting soil was standard U.C. mix, with bark replaced by peat moss to lessen injury to root hairs 
during transplanting field-dug seedlings to one-gallon pots. Soil mixtures were steam-sterilized to 
assure elimination of soil-borne diseases.

The culture technique for P. myricae was as follows. Rough lemon seedlings were held in a 
separate glasshouse for rooting and two or three prunings, until a large number of terminals were 
produced. Vigorously growing plants were then completely defoliated, pruned, water-washed and 
inspected twice to remove any pests. These plants were then moved to a second glasshouse for a 
growth flush before infestation by P. myricae. The whitefly mother culture was contained in a 
third glasshouse and consisted of several hundred plants producing adult P. myricae. Newly 
introduced plants were held in age cohorts within this glasshouse until they bore suitable stages 
for parasite oviposition. Plants were then moved to one of four parasite culture houses. Portions 
of each plant cohort were left to replenish the whitefly mother culture. Older plants were com
pletely defoliated, double water-washed and recycled.

Light in glasshouses was ambient. Roofs were whitewashed in summer and clear in winter. 
Temperatures fluctuated between ca. 16°C and 22°C. Low humidities were corrected utilizing 
under-bench poultry house misting systems in circuit with sensitive humidistats. Excessive 
humidity was decreased using door-vent fans and interior fans in circuit with humidistats. 
Humidity generally ranged from 50 to 70% RH, but 100% RH could be reached when irrigations 
occulted. Irrigation was by hand, pots were leached at each irrigation.

FOREIGN EXPLORATION

Encarsia bemisiae (Ishii) from Japan was the only parasite of P. myricae noted in the literature 
(Ishii, 1930: 30). As P. myricae was described from Japan, and we have many excellent Japanese 
colleagues, the search for natural enemies began and ended there.

The first searches were undertaken by M. Rose in the environs of Kochi City on the island of 
Shikoku in 1979. K. Furuhashi, (now Chief, Biological Control Research at the Shizuoka Citrus 
Research Station, Honshu) helped organize the search. M. Kawamura in Kochi assisted us in our 
daily collections.

Searches of bayberry trees were not productive. Several P. myricae pupal cases with parasite 
exit holes were found, but the whitefly populations were so small that live specimens were never 
encountered. T. Tachikawa at Ehime University in Matsuyama, Shikoku had just previously given 
us the lino and Matsutani (1933) paper which led us to searches in mulberry groves used for 
sericulture. In these groves the mulberry plants are kept low-growing by radical pruning of 
branches bearing full-sized leaves that are fed to silkworms. The pruning forced a profusion of 
new growth ideal for reproduction by P. myricae.

We found P. myricae to be very heavily parasitized by three species of Aphelinidae in Kochi: 
Eretmocerus sp. and two species of Encarsia (These parasites will be described in a separate 
paper, to be published in \h& Journal of the Entomological Society of Japan.) Even with help from 
several assistants, the whitefly population density was so small in mulberry groves that many 
hours of collecting were required to obtain a hundred parasitized whitefly. Nearly all of the 
fourth-stage whitefly we found were parasitized. We never observed damaging populations of P. 
myricae in Kochi.

Later explorations in 1980 by P. DeBach, and in 1981 by M. Rose and P. DeBach, in Aichi, 
Gifu, Mie and Shizuoka Prefectures (see map, Fig. 16) on the main island of Honshu, yielded very 
similar results. We also found that P. myricae is attacked by an Amitus sp. (Hymenoptera : 
Platygasteridae) in Shizuoka, but were never able to obtain live specimens. A third species of 
Encarsia was also found at various locations on Honshu, but in very small numbers.

lino and Matsutani (1933) figured both Eretmocerus sp. and Amitus sp. as the parasitic 
Hymenoptera reared from P. myricae in Mie Prefecture. They also noted the presence of
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Figs. 14, 15, 17. 14. Upset of Aonidiella auraniii and Saissetia oleae on lemon, caused by Argentine ants 
initially attracted to P. myricae and A. floccosus honey de w. 15. Small glasshouses for mass-rearing parasites of 
P. myricae. 17. Small sleeve for initiating parasite cultures in glasshouse.
Fig. 16. Map of Japan showing areas of search for natural enemies.

Chilocorus kuwanae Silvestri (Coleóptera : Coccinellidae) and a lacewing (Neuroptera), but did 
not indicate levels of parasitization or predation. They did note that a parasitic fungus “similar to 
Isaria farinosa” attacked P. myricae in a highly variable manner, but reached an infection rate of 
more than 30% in a high-density whitefly population during September, 1931.

Overall, P. myricae populations in the areas of Japan we explored (Fig. 16) were always 
cryptic. Damaging populations of P. myricae as reported by lino and Matsutani (1933) were never 
seen. In all cases, rates of parasitization were high. For example, a full day’s search in the Aichi 
Prefecture yielded only three P. myricae, all of which were parasitized by Encarsia sp.

IMPORTATIONS

Our field collections and observations in Japan showed that parasitic Hymenoptera were effective
ly finding and parasitizing P. myricae at low densities. Predators were not found in association 
with P. myricae populations. Parasite importations were undertaken in 1979, 1980 and 1981. The 
procedure for preparation of parasitized whitefly for shipment and hand-carried importations was 
as follows. Parasitized fourth-stage whitefly were removed from mulberry leaves by cutting leaf 
bits with scissors and paper punches. Each parasitized whitefly was examined to determine both
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the type of parasite larva or pupa it contained, and for the presence of cf Encarsia larvae. Leaf bits 
were isolated in 0.25-dram glass vials, with a micro-droplet of honey as food for emergent 
parasites. Isolation was important because o' Encarsia larvae were observed feeding in previously 
parasitized hosts, which would indicate that an adelphoparasitic species of Encarsia was involved. 
Emergent virgin 99 which lay cf eggs could therefore hyperparasitize previously parasitized P. 
myricae if not isolated (Rose, 1990 a).

Isolated leaf bits were held in Humiditrons (DeBach and Rose, 1985; Rose, 1990 a,b) after this 
methodology was developed. Prior to the Humiditron, humidity was very difficult to regulate. 
Initially, water-saturated chalk blocks were used but this method was only partially satisfactory; 
desiccation and/or mold were problems if shipments were delayed. Upon arrival at the U.C. 
Riverside quarantine laboratory, the isolates were held in closed containers with NaCl slurries or 
in Humiditrons for adult parasite emergence.

PARASITE CULTURE

Adult parasites reared from isolated individual P. myricae original material imported from Japan 
were enclosed with mixed developmental stages of P. myricae growing on-citrus plants in glass
house culture (Fig. 17). From our first importations from Kochi we initiated two viable cultures: 
one with Encarsia sp. I, the other with Eretmocerus sp.

Encarsia sp. I (Fig. 37 — color plate*) is a solitary, internal adelphoparasite. Mated 99 prefer 
third-stage P. myricae. Virgin 99 attack previously parasitized hosts with developing primary 
parasites in the late larval, prepupal and very early pupal stage (Fig. 18). To initiate culture, mated 
9 Encarsia sp. I were enclosed with P. myricae larvae; virgin females were held in 0.25-dram 
vials in the dark at ca. 17°C and introduced into the same enclosure as the mated 99 about 10 
days later, to produce dtf (Fig. 19 a,b,c). This resulted in a small ongoing culture of Encarsia sp. 
I. Further biological details will be provided in a separate paper.

Eretmocerus sp. (Fig. 38 — color plate) is a solitary ecto-endoparasite (Fig. 20); ovipositing 
under third and early fourth-stage larvae (Fig. 21 a,b). Only one 9 Eretmocerus sp. was obtained 
from our first collections in Kochi, due to the great abundance of Encarsia sp. which were 
utilizing Eretmocerus sp. to produce males. The 9 was enclosed with P. myricae and an ongoing 
culture ensued. During the second and third years of importations, Encarsia sp. I and Eretmocerus 
sp. cultures were expanded. Eretmocerus sp. was cultured both for field release and to serve as 
hosts for d1 offspring produced by virgin 9 Encarsia sp. I. Most of the year Eretmocerus sp. was 
uniparental in the field in Southern California; during spring/early summer and fall, males were 
in evidence. The males readily copulated with virgin 99; it is unknown if sperm transfer occurred.

A second Encarsia sp. was also successfully cultured. It is undescribed as well and will be 
referred to here as Encarsia sp. II (Fig. 39 — color plate). It is a solitary, uniparental endoparasite. 
Female Encarsia sp. II were enclosed with mixed stages of P. myricae, and a viable culture 
ensued. Pupae, cast skins and meconia are distinct from Encarsia sp. I, which proved very useful 
in field and laboratory recognition (Fig. 22).

Mass cultures were developed by collecting adult parasites from original sleeve enclosures and 
creating numbers of larger sleeve sting cages (Fig. 23). Then entire small glasshouses (see Fig. 
15) were devoted to rearing single parasite species. Infested plants bearing suitable stages for 
oviposition were introduced, dated and removed at proper intervals for colonization. Glasshouse 
conditions were maintained as explained earlier for rearing P. myricae.

♦Figures 37-42 are juxtaposed but are not consecutive in the text in order to create a single color plate with 
consecutive numbers.
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Figs. 18-19t 18. Encarsia sp. I d1 larva (inside semi-circle) feeding on Eretmocerus sp. prepupa.
19a. Encarsia sp. I 9 in fourth-stage P. myricae. 19b. Encarsia sp. I cf in fourth-stage P. myricae. 19c. Encarsia 
sp. IV pupa,.

PARASITE COLONIZATIONS

Field colonizations were originally undertaken in two ways: enclosure of adult parasites in sleeves, 
and distribution of immature parasites living on rough lemon seedlings grown in one-gallon pots. 
Sleeve releases were utilized for initial colonizations during periods when parasite cultures were 
still being expanded, in order to assure that early generations of imported parasites were placed 
in the field. Sleeve colonizations were also useful to assure the production of males by the 
adelphoparasitic Encarsia sp. I.

Colonization by distribution of potted lemons bearing immature parasites was by far the most 
economic and successful method. Colonization success with this method was 100%. Distribution 
of certified virus-free seedlings grown in steam-sterilized soil was within quarantine regulations 
except for Ventura County; in this case we created mass-rearing greenhouses in cooperation with 
the Fillmore Citrus Protective District (Chuck Farrar), Santa Paula Insectary (Phil Haney) and 
Rancho Sespe. To create mass cultures of parasites in Ventura County, multiple-shoot rough 
lemon seedlings were grown and then infested with P. myricae. Adult parasites were then intro
duced from U.C.S.C.F.S. cultures and two generations of parasites were reared. By this time P. 
myricae and parasite populations were peaking, and freshly irrigated plants bearing parasites ready 
to emerge (e.g., mandibles hardened, legs free) were then taken to pre-selected field sites for 
colonization (Fig. 24 a,b). Pots were enclosed in plastic bags to maintain soil moisture.

Initial field colonization and study sites were selected with healthy trees and with P. myricae 
populations capable of maintaining parasite populations. Because P. myricae populations very 
quickly (within one season) increased by several hundredfold, it was important to colonize as early
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Figs. 20-24. 20. Pupa of Eretmocerus sp. 9 in fourth-stage P. myricae. 21a. Larval entry hole (inside circle) 
o f Eretmocerussp. on venter of P. myricae. SEM. 21b. Eretmocerus sp. exit hole in dorsum of P. myricae. SEM. 
22. Arrow points to Encarsia sp. II 9 pupa; Eretmocerus sp. pupa, below. 23. Enlarging the culture of Encarsia 
sp. using larger sleeves and plants. 24a. Mass-rearing greenhouse in Ventura County. 24b. Colonizing citrus 
groves in Ventura County with parasites living on plants taken from a mass-rearing greenhouse.
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in the whitefly population growth cycle as possible for each particular grove in each of the various 
climatic areas.

Other criteria for colonization/study sites included full control over grove practices, including 
irrigation, pruning and pesticide use, and the elimination or mitigation of adverse factors such as 
Argentine ants and dust. Care and protection of initial colonization/study sites are absolutely 
crucial to biological control. Adverse effects at this critical juncture can — and have — set back 
both the research and the applied aspects of biological control projects. Everything possible must 
be done to mitigate adverse factors and enhance the environment in favor of natural enemies. 
Further information on grove care will be given in a section on Conservation of Natural Enemies 
(follows).

PARASITE RECOVERY

All colonization/study sites were sampled pre- and post-colonization to determine the existence 
of both previously colonized and naturally-occurring parasitic Hymenoptera prior to release, and 
colonization success of imported parasite species. Sampling for natural enemies is purposefully 
biased (Rose, 1990 c); live fourth-stage P, myricae on full-size leaves were selected from each 
colonization tree and from random trees on each site. The leaves were held in one-pint Whitetite® 
paper cartons (Fonda Paper Can Company) at 27 ± 1°C for three weeks for adult parasite emer
gence. Leaf samples were taken immediately prior to release and subsequently at 3-4 week 
intervals after recovery over a period of several months, sometimes for as long as four years. 
Recovery samples were not taken immediately following colonizations in order to leave reproduc
ing parasites in the field. Rather, detailed searches were made of colonization sites for evidence 
of recovery. Recovery samples commenced with the F2 field generation of colonized parasite 
species.

Parasites reared from samples were microslide-mounted and maintained as a project collection. 
When parasites became abundant, often yielding hundreds of specimens per sample, a portion of 
each sample was slide-mounted, and the remainder of the specimens were stored dry in 0.25-dram 
vials in cartridge boxes (Rose, 1990 c). Specimens were compared with slide-mounted original 
specimens for positive identification.

FIELD INSECTARIES

When periodic sampling showed that parasite populations were reaching high numbers on 
colonization sites, further distribution of the various parasite species was accomplished by field 
harvesting from selected field insectary trees. Citrus twigs bearing parasites that were ready to 
emerge were clipped, the cut ends of the twigs sealed with wax and the twigs transferred to new 
sites within the same county. Twigs transferred to new sites were tied into shaded areas of 
colonization trees with wire twist-ties. In this manner, uncountable millions of parasites were 
transferred by the project, collaborating commercial insectaries (Rincon-Vitova, Fillmore, Santa 
Paula), and by personnel provided by several major ranches.

PARASITE EVALUATIONS

Three methods were utilized to evaluate the composition, relative abundance, and effectiveness of 
parasites. These were: field population density estimates of P. myricae in combination with 
periodic recovery sampling; laboratory counts to determine the fate of individuals in the sample 
populations; and paired comparisons with open and closed sleeves.

Parabemisia myricae field population density estimates were restricted to a sampling universe 
defined as full-size, bright-green leaves between ca. 1-3 m above ground on tree perimeters, 25
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leaves per compass quadrant, with no more than four sample leaves per twig per sample date. 
During winter, proper age foliage occurred on tall vertical growth (canes), which necessitated 
sampling at greater heights. Sampling was undertaken at ca. 3-week intervals.

Density estimates were primarily designed to determine the number of live whitefly larvae per 
sample leaf. Athigh whitefly densities, age cohorts were not particularly associated with foliar 
age, thus estimates sometimes included essentially all larval stages. Adult P. myricae do not 
oviposit in patterns as do other whitefly on citrus: A. woglumi oviposits in spirals, A.floccosus in 
circles; therefore immature stages of P. myricae are not colonial, which makes field population 
estimates more difficult. Our estimates were based on examination of each sample leaf with a 14 
x hand lens. A field rating card was utilized to collect data. A numerical rating system was used 
for recording data, where a recorded value of 1 corresponded to 25 whitefly, 2 = 50, etc. Large 
numbers were recorded as multiples; values over 1,000, which were normal during summer and 
fall prior to biological control, were simply marked as ++.

During each whitefly population density estimate, a portion of the sample universe was taken 
from each sample site to serve both as a recovery sample and for laboratory examination. Only 
one leaf bearing whitefly in the pupal stage per sample twig was taken, in order that the 10-15 
leaf sample represented the whitefly population on the entire tree, rather than a clumped popula
tion. Study sites were blocks of commercial citrus, composed of several hundred trees; individual 
study trees were in the central 80% to reduce edge effects of dust and were located on diagonals 
across several rows. When whitefly population densities were high, field population density 
estimates and leaf samples were taken from designated study trees; when whitefly populations 
became low (following biological control), entire rows were counted and sampled in order to gain 
data.

Laboratory counts to determine the fate of individual whitefly were designed to assess the 
status of fourth-stage P. myricae. By the time of whitefly pupal formation, the status of individuals 
can be determined by examination, as follows: live and dead whitefly of all stages, emerged 
whitefly, parasite larvae, parasite pupae, and parasite exit holes. These data were taken for a 
minimum of 1000 predominantly fourth-stage whitefly per study tree; no more than 100 in
dividuals were counted per leaf. When whitefly populations reached low levels, due to biological 
control, it was not possible to obtain samples of this size and searches were expanded to include 
4,000-10,000 leaves per sample date. Field population density counts and recovery sample data 
were recorded on the same data sheet as the laboratory counts. In this manner, all of the correlative 
data used to evaluate ongoing study blocks were assembled and readily available.

Paired-comparison evaluations were undertaken when the preceding evaluation techniques 
showed that P. myricae populations were being regulated by parasites. The methodology follows. 
New shoot growth (Fig. 25 a) bearing P. myricae eggs was selected on study trees in study blocks 
that were free of ants, dust and pesticides; shoots were inspected for predators and adult parasites, 
all of which were removed, as were all older leaves bearing immature whitefly; pairs of shoots 
were enclosed in sleeves, one open to allow parasite access, the other closed. Pairs of sleeves (Fig. 
25 b, c) were placed at various locations around citrus trees in all of the infested areas shown in 
Fig. 1.

Shoots of the same age foliage and bearing whitefly eggs were tagged on each study tree and 
used as indicators of when to terminate the paired sleeve tests. Tests were terminated when a 
complete whitefly lifecycle (egg to adult) had developed on the tagged foliage, a period of about 
3 weeks depending on location and season. Foliage inside the paired sleeves was taken to the 
laboratory for examination and rearing of adult parasites at the end of each test.

PARASITES IN CALIFORNIA

Eretmocerus sp. from Japan was readily recovered in Orange County following winter 1979 and
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summer/fall 1980 colonizations. Following further colonizations from mass-rearing cultures, Eret- 
mocerus sp. began to increase rapidly in study blocks of lemons in Orange and Riverside Counties, 
and later in Ventura County. Field population counts, recovery samples and laboratory counts all 
showed that Eretmocerus sp. was becoming established in the coastal, intermediate, and a small 
portion of the interior citrus growing areas shown in Fig. 1. The early prognosis was that Eret
mocerus sp. showed excellent potential and was thriving in the field.

Encarsia sp. I from Japan was also intensely colonized in study blocks on lemons in Orange, 
Riverside, and Ventura Counties during 1980-81. By fall of 1981 this species was also becoming 
established in these areas.

Encarsia sp. II colonizations were ongoing and our first field recoveries in Orange County 
were obtained in 1982 when we discovered Eretmocerus debachi (Rose and Rosen, 1992) (Fig. 40 
— color plate) in the Pauma Valley of San Diego County and, nearly simultaneously, in a 
restricted area of the San Gabriel Valley in Los Angeles County (Rose and DeBach, 1982). The 
discovery of this parasite completely altered the project. Suddenly there was a fourth parasite 
species that required colonization and distribution. Further, the impact of it. debachi on P. myricae 
populations was dramatically spectacular. In groves where it was discovered, P. myricae popula
tions either never increased, or were very rapidly reduced by E. debachi.

In order to rapidly distribute E. debachi throughout the various climatic areas of southern 
California, we enlisted the aid of commercial insectaries and ranches. Twigs bearing P. myricae 
parasitized by E. debachi were moved throughout Orange County. Adult i t . debachi were colonized 
in Riverside and Ventura counties and numerous twigs were transferred to more groves after E. 
debachi became established on colonization sites. Eretmocerus debachi was established throughout 
the infested area by the year’s end (1982). Further, E. debachi was nearly immediately provided to 
our colleagues Eliyahu Swirski and Daniel Blumberg for colonization in Israel (see Conclusion).

CONSERVATION OF NATURAL ENEMIES

Standard grove practices in citrus, particularly lemons, were an obstacle to obtaining widespread 
distribution and rapid effectiveness of the various species of parasites. In citrus blocks where we 
had full control over pesticide use, ant control, pruning and irrigation, parasites were readily 
colonized, recovered and increasing their numbers. Quite the converse was true in blocks where 
pesticide applications, honeydew-seeking ants, pruning and irrigation practices were not attuned 
to favor the natural enemies.

Lemon culture was hardest on natural enemies, because pruning practices are so severe. Most 
lemon groves in southern California are planted to Lisbon or Eureka varieties, grafted on Macro- 
phylla root stock. This produces a vigorously growing tree that requires heavy pruning in order to 
maintain tree size, fruit size and picking ease. Pruning is accomplished by hand and mechanically 
(Fig. 26 a,b) and is undertaken during spring and fall. The usual case is that about half of the pruning 
is completed in spring, the remainder finished during fall. This results in both very synchronous 
growth flushes (Fig. 27) and the loss of full-size foliage and green, round wood (Fig. 28).

Full-size, bright-green foliage is the portion of lemons, and citrus generally, that supports 
developing whitefly parasites. Green, round wood and full-size leaves also support developing 
parasites of armored scale insects. It was obvious that not only was elimination — or at least 
selective use — of pesticides imperative, but also that changes in cultural practices were required 
in order to conserve and preserve natural enemy species and optimize biological control.

An earlier example of conservation measures undertaken to improve biological control of an 
armored scale insect living on southern California citrus was provided by DeBach and Landi 
(1959, 1961). In this case Aphytis lepidosaphes Compere did not fully regulate populations of 
purple scale, Lepidosaphes beckii, because of a combination of meteorological conditions, even- 
brooded scale insect development, insecticide use and cultural practices. The methodology
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Figs. 25-27. 25a. New growth on citrus bearing eggs of P. myricae. 25b. Setting-up paired-comparison sleeves 
on Valencia orange. 25c. Paired-comparison sleeves on Valencia orange. 26a. Hand-pruning lemons. 
26b. Mechanically pruning lemons. 27. Citrus block with synchronous growth flush following complete pruning.

employed to improve biological control in this case was to treat one-half of each grove or block 
with oil in alternate years; the remaining half was preserved as a reservoir of natural enemies 
(Rose and DeBach, 1990).

Conservation efforts to improve biological control of P. myricae, and to aid in re-establishment 
of other natural enemy complexes that had been adversely affected by pruning and pesticide use, 
were also based on creating more stable habitats that would provide a reservoir of natural enemies.
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Figs. 28-32. 28. Loss of full-size foliage and green, round wood following mechanical pruning. 29. Alternately 
hedged rows of lemons. 30. Alternate row pruning. 31. Alternate row pruning conducted over entire ranch. 
32. Grove tractor with converted sickle-bar used to trim tree skirts.

This was accomplished in several ways. First, rather than pruning tops and hedging trees 
throughout groves or blocks, alternate rows were pruned and/or hedged (Fig. 29); the remaining 
one-half was then pruned and/or hedged during the following spring or fall. Altemate-row pruning 
(Fig. 30) provided greater habitat stability, allowed the farmer to maintain tree and fruit size, 
picking ease and grove access, and did not increase the cost of man and machinery hours. 
Altemate-row pruning was undertaken on large citrus ranches (10,000’s trees) in Orange, River
side and Ventura counties (Fig. 31) with the result of conserving billions of P. myricae parasites 
with each pruning, parasites that would otherwise have been lost forever (100 parasites per leaf x
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1,000 leaves/tree x 10,000 trees = 1,000,000,000). Entire citrus ranches that converted to alter
nate-row pruning practices underwent nearly miraculous transition as countless P. myricae were 
converted to parasites, primarily E. debachi.

The second measure was to trim tree skirts to eliminate all terrestrial access to trees except by 
the main trunk. This was accomplished by shortening a power take-off sickle bar, with a heavy- 
duty brush blade, to a length that would not hit tree trunks when the grove tractor was driven 
between tree rows (Fig. 32). The brush blade effectively pruned the tree skirts; hand work to 
complete the task was undertaken during normal clean-up following pruning. All access to the 
trees by ants and snails was thus limited to main trunks and allowed for both more realistic and 
environmentally sound ant control (Rose and DeBach, 1990) and for the utilization of the decollate 
snail, Rumina decollata L., to regulate populations of the European brown snail, Helix aspersa 
Muller (Fisher et al., 1980).

Irrigation practices were altered to assure that groves or blocks that harbored the most dense 
populations of late-stage P. myricae larvae were given water more frequently to replenish the 
moisture lost to feeding whitefly larvae that often numbered over 1,000 per full-size, bright-green 
leaf prior to biological control.

Treatments with pesticides were of course stopped in all study blocks; a non-treatment policy 
was adopted in altemate-row pruned blocks and groves as the parasite populations, especially that 
of E. debachi, was increasing exponentially and began to demonstrate their effectiveness in study 
areas.

RESULTS

Both Eretmocerus sp. and Encarsia sp. I from Japan were established in southern California citrus 
groves, and Encarsia sp. II from Japan was being recovered, when£. debachi was discovered and 
broadly distributed.

Two types of data are presented here; graphical representation of citrus blocks in Orange and 
Riverside counties based on field population census of P. myricae and laboratory examination of 
parasite recovery samples; and results of paired comparison tests. Figure 33 represents a major 
lemon acreage (some 25,000 trees) in Orange County. The natural enemy responsible for 
parasitization of P. myricae until mid-1982 was Eretmocerus sp. from Japan; during the middle 
of 1982 (between 10-15 months on Fig. 33) E. debachi also began to parasitize P. myricae and 
by the end of 1984 only E. debachi was recovered. During the years 1985 and 1986 P. myricae 
populations remained at levels of less than 1 whitefly per full-size, bright-green leaf; in fact counts 
and recovery samples in this block at the end of our sampling season in 1984 yielded only 1 P. 
myricae larva from a 4,000 leaf count and E. debachi was reared from this single whitefly. 
Another citrus block on the same ranch showed data very similar to Fig. 33. A 10,000 bright- 
green, full-size leaf count in this block in 1984 also yielded 1 P. myricae larva, and it too produced 
E. debachi.

Figure 34 represents a major lemon acreage (some 15,000 trees) in Riverside County. Again, 
Eretmocerus sp. from Japan was responsible for parasitization and increased whitefly mortality 
until late in 1982 (20 months on Fig. 34), when E. debachi also began to parasitize P. myricae. 
By the end of 1984 there was no evidence of Eretmocerus sp.; E. debachi alone was reared from 
recovery samples. During the years 1985 and 1986 P. myricae populations remained very low, far 
less than 1 larva per bright-green, full-size leaf. In fact, our last major leaf count in this lemon 
block yielded 2 P. myricae from a 5,000 leaf sample, and both whitefly contained E. debachi.

Changes in populations as depicted in Figs. 33 and 34 occurred throughout the southern 
California climatic areas shown in Fig. 1. To establish proof that parasites were responsible for 
these dramatic changes, paired-comparison studies (Fig. 25 a-c) were undertaken in blocks and 
groves throughout the area. Figure 35 depicts the results of 10 pairs of sleeves on lemons in
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Figs. 33-36. 33. Population trends of P. myricae and parasites on lemons in Orange County. 34. Population 
trends of P. myricae and parasites on lemons in Riverside County. 35. Paired-comparison sleeves demonstrating 
the effectiveness of E. debachi on lemons in Orange County. 36. Paired-comparison sleeves demonstrating the 
effectiveness of E. debachi on lemons in Ventura County.

Orange County. The parasite responsible was E. debachi. Note that P. myricae mortality was less 
than 5% in the absence of E. debachi, as compared to nearly 100% with E. debachi. Our laboratory 
studies showed that host feeding on and mutilation of second-stage P. myricae by E. debachi was 
responsible for the very high overall mortality rate. More information on host feeding by Eret- 
mocerus spp. will be presented in a separate paper.

Figure 36 depicts five pairs of sleeves on lemons in Ventura County. Again, note that overall 
whitefly mortality exceeded 90%, whereas the rate of parasitization by E. debachi was about 52%. 
Host feeding on and mutilation of second-stage P. myricae were responsible for the increased 
overall mortality. Paired-comparison studies throughout the range of P. myricae infestation 
showed similar striking results.

FORTUITOUS BIOLOGICAL CONTROL

Detailed taxonomic study and crossing tests showed that E. debachi and Eretmocerus sp. from 
Japan were distinct. Distribution of E. debachi was then aided by various colonization techniques. 
Recovery samples taken from ongoing study site locations where Eretmocerus sp. and Encarsia 
sp. I from Japan were established showed the first evidence of E. debachi during 1982. By the end 
of 1984 only E. debachi was recovered from study sites in the citrus growing regions shown in 
Fig. 1. Numerous paired comparisons demonstrated that E. debachi was responsible for complete 
biological control of P. myricae, reducing overall populations of the whitefly from levels ex-
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Figs. 37-42. 37. Encarsia sp. I 9 ovipositing in third-stage P. myricae. 38. Erelmocerus sp. 9 ovipositing under 
third-stage P. myricae. 39. Encarsia sp. II 9 ovipositing in fourth-stage P. myricae. 40. Erelmocerus debachi 
9 ovipositing under third stage P. myricae. 41. Lemons in Orange County prior to biological control. 42. Lemons 
in Orange County after biological control.
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ceeding 1,000 live larvae per bright-green, full-sized leaf to such low levels that searches of 4,000 
to 10,000 bright-green, full-sized leaves in study blocks yielded only occasional P. myricae larvae, 
and these invariably produced E. debachi.

In a paper on fortuitous biological control, DeBach (1971: 293) stated: “Part of the purpose of 
this paper is to indicate by some specific examples that natural enemies are everywhere working 
unnoticed and that not only is their conservation and augmentation necessary for optimally 
successful pest control in agroecosystems but that specialists need to discover and document these 
cryptic cases in order to extend their potential use to other agroecosystems.” We endeavored to 
meet these goals, but were unable to determine the source of E. debachi. Surveys for and rearing 
samples of whitefly living on native vegetation growing around citrus groves in the various 
climatic areas were undertaken over the course of the project. Eretmocerus debachi was reared 
from P. myricae in every case, but one. In this single case, one 9 E. debachi was reared from a 
Trialeurodes sp. living on rattlesnake weed, Euphorbia albomarginata, in San Juan Capistrano, 
Orange County. Ray Gill (pers. comm., 1991) informed us that Trialeurodes euphorbiae Russell 
has been recorded from E. albomarginata in Los Angeles, Riverside and San Bernardino counties, 
but that he has personally been unable to find any T. euphorbiae and considers this whitefly to be 
very rare. Whether this is the original host of E. debachi remains unknown.

Cases of fortuitous biological control where a native or naturally-occurring parasite transfers 
to an invading host species and brings about complete biological control are unusual, at best. The 
only case we know of that ever occurred in California is the biological control of brown soft scale, 
Coccus hesperidumh. (Homoptera : Coccidae) by Metaphycus luleolus (Timberlake) (Hymenop- 
tera : Encyrtidae). In this case M. luleolus is presumed to be a native which adopted C. hesperidum 
and reduced its population to insignificance in California citrus groves.

ECONOMIC IMPACT

Biological control of P. myricae by E. debachi was achieved in about four years. The cost of the 
program was approximately US $500,000. Savings in pesticide costs for lemons alone for one year 
in Ventura County are estimated at US $8.5 million (P. Phillips, pers. comm., 1985; Rose, 1988). 
The value of the Ventura County lemon crop is about US $116 million per year; it is doubtful that 
this crop could be produced without biological control of P. myricae (P. Phillips, pers. comm., 
1985). The Ventura County crop is about 50% of California lemon production, which had a 
1989-90 annual value of about US $237 million (information from California Agricultural Statis
tics Service, 1991). Thus, the total expenditure to achieve biological control of P. myricae was 
0.002 the annual value of the lemon crop alone.

Overall, orange and lemon production in California has an annual value of about US $800 
million (information from California Agricultural Statistics Service, 1991). Of this, some 50% of 
the acreage is grown in the areas shown in Fig. 1. Biological control of P. myricae is complete in 
all the infested areas; thus the total expenditure to achieve biological control of P. myricae was 
0.00125 the annual value of the orange and lemon crop.

Increased pest control costs for P. myricae on lemons reached US $400-425 per acre prior to 
biological control. There are some 47,400 acres of lemons (information from California Agricul
tural Statistics Service, 1991). With additional chemical control costs of US $400 per acre, the 
annual savings in chemical control costs for lemons alone can be estimated at nearly US $19 
million.

Assessment of the value of natural enemies is multifaceted. From the aspect of preservation, 
conservation and enhancement of biological control systems in southern California citrus, E. 
debachi is invaluable. Citriculture in southern California is dependent upon biological control by 
natural enemies. The treatment of one key pest with chemicals — because of the lack of effective 
natural enemies •— so upsets the system that tree health, fruit production, and the economics of
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citriculture are all jeopardized. In this sense, the US $400 million per annum citrus industry of 
southern California is kept viable by E. debachi and other natural enemies that regulate pest 
species populations on citrus.

CONCLUSION

Parabemisia myricae completely disrupted ongoing biological control systems on citrus in 
southern California (Fig. 41 — color plate). A project was organized to bring about biological 
control of this exotic, invading whitefly species as rapidly as possible. The biological control 
project emphasized systematic study of parasitic Hymenoptera; establishment of adequate rearing 
facilities and host cultures for importation, rearing and mass-rearing of parasitic Hymenoptera; 
foreign exploration in collaboration with Japanese entomologists; importation of parasites through 
a quarantine laboratory; establishment of initial cultures and mass-rearing of parasites in glass
houses; widespread distribution of all available parasite species in all climatic regions by coloniza
tion of adult parasites, immature parasites living on potted lemon plants, and transfer of twigs 
bearing parasitized P. myricae from designated field insectary trees; and evaluation of effective
ness of natural enemy species by periodic sampling, field pest population density estimates, 
laboratory examination of field samples to determine the fate of individuals over time, and paired 
comparisons utilizing open and closed sleeves.

Successful biological control of P. myricae by E. debachi in southern California resulted in both 
great economic savings and the re-establishment of numerous natural enemy systems on citrus by 
the complete elimination of pesticide use for control of P. myricae populations throughout the citrus 
growing regions shown in Fig. 1 (Fig. 42 — color plate). Further, E. debachi was quickly shared 
with colleagues in Israel, where biological control of P. myricae is also complete due to the effec
tiveness of this parasite (Swirski et al., 1988 a,b). More recently, (1986) E. debachi was introduced 
into Turkey and has again brought about complete biological control there (Uygun et al., 1990). 
Italy has recently been invaded by P. myricae, and E. debachi is now being introduced, hopefully 
again to demonstrate great effectiveness (Barbagallo, pers. comm., 1991).
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