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ABSTRACT

The biology of Icerya purchasi Maskell was studied on Desmodium
plants. The average durations of the different stages were: egg stage.
15.4 days; crawler stage, approximately 4 to 5 days (based on the studies
conducted on the settling rates); second instar, 9.9 days; third instar,
12,3 days; preovipositional stage, 8.2 days; and the mature female
ovipositivnal stage, 39.1 days. The development period from egg to
mature female was about 60 days, and the cumulative longevity from egg
to death was about 99 days. The average fecundity per mature female was
678.6 eggs.

I. purchasi infests some 51 host plants in Hawail of which 26 were
reported during this study.

Behavioral studies of crawlers showed that the settling rates of
L, and 5 day old crawlers were significantly higher than those of other
ages,

Distribution of I. purchasi in the field showed that 59 per cent
of the scales settled on the leaves and 41 per cent settled on the
stems, The first instar immatures predominantly settled on the leaves
near the top of the plant, The secend instar occurred in about equal
numbers on the stems and leaves, and the third instar and adult scales
settled predominantly on stems near the base of the plant.

Studies on the life history of Rodolia cardinalis (Mulsant), a

predator of I. purchesi, showed that the average duration of the stages
were: egg to adult, 25 days; egg stage, 4.5 days; larval stage (includ-
ing the pre-pupal stage), 15.9 days and the pupal stage, 4.6 days.



iv

Field studies in Desmodium fields on the seasonal abundance of
I. purchasi showed a period of high seasonal abundance from July to
November, 1967, peaking in August and September, and a low population
during December, 1967 to June, 1968,

Studies on the suppressive abilities of the predator, R. cardinalis,
and the parasite, Cryptochaetum iceryae (Williston), on field populations
of I. purchasi were evaluated, No parasitization of the first instar of
I. purchasi was found., The per cent parasitization of the susceptible
stages in Desmodium fields was: second instar, 3.3 - 5.2 per cent; third
instar, 10 - 18.5 per cent; and mature females, 14.8 - 25.2 per cent,
There was a lag between the peak of predator and prey populations which

occurred during October and November.
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INTRODUCTION

History in Hawail

The cottony-cushion scale, Icerya purchasi Maskell, belongs to the
order, Homoptera; superfamily, Coccoidea; family, Margarodidae and tribe,
Icerjine,

Very little is known about the early history of I. purchasi in the
Hawailan Islands. The earliest records on the occurrence of this scale
in Hawaii are those by Riley (1891) and Silvestri (1909). According to
extracts from correspondence between Jaeger and Coquillett (Riley, 1891)
and a translation of Silvestrit's 1909 paper in the Hawaiian Forester and
Agriculturist, I. purchasi became established in Hawail in the spring
or summer of 1889, Subsequently, I. purchasi has been reported from
various islands by other workers. Todsy it is known to occur on the
islands of Oahu, Hawaii, Kauai, Maui, and Molokai. It may also occur
on Lanai and Niihau although there are no reported records,

After the discovery of I. purchasi in Honolulu, the vedalia, Rodolia
cardinalis (Mulsant), was introduced into Hawail in 1890 from California
by Koebele (Perkins, 1897), two years after the introduction of this
predator into California from Australia by him, According to Perkins
(1897), Zimmerman (1948), and others, R. cardinalis was successful in
suppressing I. purchasi in Hawaii.

In 1966 the first specimen of Cryptochaetum iceryae (Williston)

(Diptera: Agromyzidae) a parasite of I. purchasi was collected by
Beardsley (1967) in an ultraviolet light trap. Since that time, it



has been found to be well established on the island of Qahu,

Economic Importance

I. purchasi became one of the most economically important insect
pests of citrus soon after its discovery in the United States on Acacia
at Menlo Park, California in 1868 or 1869 (Ebeling, 1950). Since then
I. purchasi has been recorded as a pest of citrus and ornamentals in
over 80 countries, and appears to be most abundant in tropical and sub-
tropical regions of the world.

Damage due to I. purchasi was first noticed on Oahu in April 1890
by Jaeger (Silvestri, 1909). However, Perkins (1925) reported that
Reverend T, Blackburn, "an expert entomologist in Honolulu, wrote in
1876 t'the fruit trees were afflicted with an incurable blight!", Rev-
erend Blackburn was apparently referring to an infestation of I, purchasi.

Populations of I. purchasi have been suppressed by R. cardinalis
excopt for a few short periodic outbreaks in Hawaii for over 75 years.
In recent years heavy populations of I. purchasl have been observed
causing damage to fields of Desmodium sandwicense E, Meyer and to hedges

of Casuarina equisetifolia L.

Scope of Present Study
Due to an exceedingly heavy population of I. purchasi occurring on
Desmodium, this study was undertaken in an effort to obtain a better
understanding of the biology, ecology, behavioral aspects and population
dynamics of I, purchasi. The suppressive abilities of the natural
enemies, R. cardinalis and C. iceryae, of I. purchasi were evaluated.



GENERAL METHODS

Studies were conducted in the laboratory and field, Since many
aspects were investigated, the methods used are somewhat diversified;
therefore, only general methods will be described here, Others will

be given in the appropriate sections.

Biological Studies

Icerya purchasi

The life history of I. purchasi was studied under semi-laboratory
conditions on potted D. sa.ndwicense plants covered with organdy cages
(Fig. 1). Four-day-old crawlers were seeded on the leaves of potted
Desmodium plants, After settling, the number of scales was reduced so
that only 20 scales remained on each of the two plants. Maps were
made identifying the location of each settled scale on the plants.
Changes on the maps were made for each scale's resettling location after
each molt, Plants were kept outside the laboratory, and only brought
into the laboratory briefly each day for critical observation and mea-
surement of the scales under a dissecting microscopec. Data on the
mmber of molts, duration for each instar, and daily growth rate were
recorded., Body length and width were measured with an ocular micrometer
with .01 mm divisions,

Temperature and relative humldity conditions outside the laboratory
where the caged scales were placed were measured by & hygrothermograph.

The data are presented in Fig. 2, During this study, the temperature



FIGURE 1. THE TYPE OF CAGE USED TO STUDY THE
LIFE HISTORY OF ICERYA PURCHASI
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RECORDED DURING THE LIFE HISTORY STUDIES OF ICERYA
PURCHAST OUTSIDE THE LABORATORY FROM JULY 25
TO SEPTEMBER 29, 1967



ranged from 21°-35° C, and the relative humidity ranged from 42-89 %.
To determine whether there were differences in temperature and relative
humidity, a “Honeywell® relative humidity and temperature meter was used
to take measurements within and outside of the cages. Differences in
temperature varied less than 1° C, and those in relative humidity not

more than 5 %.

Rodolia cardinalis

The life history of R. cardinalis was studied during April 1967
in the laboratory in which the average temperature was 26° C with a
range from 23°% to 29° C. To obtain eggs of R. cardinalis, mated females
were placed individually in 5 dram shell vials stoppered with cotton.
Two mature females of I. purchasi with fully developed ovisacs were
placed in each vial for a 24 hour period., After B. cardinalisg had laid
eggs on the scales, each egg was removed and placed singly on an ovisac
of I. purchasi in separate vials. The larvae that hatched fed on the
focd provided., Additional scales were provided as needed during the
development of R, cardinalis.

Observations of the different stages were made twice each day to
record any developmental changes. Data on the duration of the stadia,
and measurements of the width of the head capsulec, and body length after

each molt were recorded for each larva,

Field Studies
Field studies on the population dynamics of I, purcb.asi were
conducted from July 1967 to June 1968 in D. sandwicense fields at
the Waimanalo Agriculture Experimental Station at Waimanalo, Oahu,



Toward the end of this study, these fields had become invaded by
Desmodium intortum (Mill.) Urb, The study area consisted of five
fields laying parallel to each other. Each field was approximately
five meters wide and 68 meters long with a cultivated area separating
it from the adjacent fields, Fields No, 2 and No. 4 were chosen for
sampling. These two sampling fields will be referred to as Field No., 1
and Field No. 2, respertively, throughout the following text.

Changes in the relative abundance of I. purchasi were followed for
a 12 month period by taking 20 Desmodium stalks at random twice each
month., Each stalk was cut into three portions (top, middle, and bottom)
and stored individuslly in 70 % alcohol until examined in the laboratory
under 2 dissecting microscope. The stages were determined by taking
measurecments of body length with an ocular micrometer with .0l mm divi-
slons and by morphological characteristics, From information obtained
from the growth studies, the stages can be categorized according to body
length. The categories were: first instar, 0.60 to 1l.46 mm; second in-
star, 1.47 to 2.38 mm; third instar, 2.39 to 3.64 mm; and adult female,
3.65 to 6.30 mn,

From the samples the following data were collected: 1) settling
behavior, 2) distribution on the plants, 3) seasonal abundance, 4) age- —
specific population trends, 5) age structure, 6) seasonal reproductive
activity, and 7) mortality in various stages of I. purchasi; and, also,
8) predator and prey populations and 9) parasite and host populations.

The temperature and precipitation data are presented in Fig. 3.

The field temperature ranged from a high of 31.5° C in November to &
low of 15.5°9 C in December. The greatest fluctuation which ranged from
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28.9 to 16.7° C occurred during April. The total monthly precipitation

data showed that December was the wettest and June the driest month,

Hunmidity Studies

The effects of humidity on the mortality of crawlers of I. purchasi
were studied in the laboratory.

Saturated salts were found by Winston and Bates (1960) to be
more satisfactory for maintaining constant relative humidity in small
containers than various concentrations of KOH, H,SO, and other substances
as suggested by Soloman (1951) and others,

The present. study was made by maintaining various humidity levels
by placing various solutions in humidity chambers. The relative
humidities used in this study were 11, 37, 50-60, 75, and 100 %.

Relative humidities of 11, 37, and 75 % were obtained from saturated
gsolutions of sodium hydroxide, sodium iodide, and sodium chloride, respec-
tively. The 50-60 % relative humidity was the controlled humidity in the
laboratory. The 100 % relative humidity was obﬁained by using distilled
water., The humidity in all the chambers was checked by use of the
"Honeywell" humidity and temperature meter.

Fig. 4 shows a picture of the humidity chamber and the meter:

A) holding tubes, B) humidity chamber, C) modified well chamber with
recording probe in place, and D) the "Honeywell" humidity and temperature
meter,

The holding tubes (9.5 mm in diameter by 50 mm in length) were
made from glass tubing, Each end of the holding tube was covered by a
small piece of organdy cloth which was held in place by inserting a
small flexible piece of plastic tubing into the end of the holding tube.



FIGURE 4, HUMIDITY CHAMEER AND RECORDING APPARATUS: A) HOLDING
TUBES, B) HUMIDITY CHAMBER, C) MODIFIED WELL CHAMEER
WITH RECORDING PROBE IN PLACE, AND D) RHONEYWELL®
HUMIDITY AND TEMPERATURE METER

10
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The humidity chambers were made from wide mouth glass jars (8 cm in
diameter by 9.5 cm in depth) fitted with polyethylene screw lids., A
hole was bored through each 1lid large enough to insert a hard plastic
well chamber, The well chamber (3.8 cm in diameter by 7 cm in length)
was made from & polystyrene tube with a serew lid, Thez bottom of the
tube was cut off and replaced by cementing a piece of organdy over the
end. The organdy end of the well chamber was inserted 5 cm through the
hole made in the jar 1id and cemented in place. Holes were then made
in the sides of the inserted portion of the well chamber which extended
into the Jar to allow for free air movement.

The modified well chamber used in taking humidity and temperature
measurements was 15 cm in length to allow the sensitive element of the
"Honeywell" meter to be completely inserted and stoppered with a rubber
cork while taking readings of each different humidity tested.

After assembling the humidifier, 175 ml of the appropriate solution
were placed into each relative humidifier and allowed to stand for two
days. Checks made on relative humidity and temperature during the brief
period when the crawlers were removed for examination variéd from 3.3
to 4 % and less than 0.5° C , respectively. The relative humidity returned
to normal within two hours. The temperature within the humidity chambers
ranged from 24° to 27° C.

For each of the different relative hunidities studied, 20 crawlers
collected within 24 hours after eclosion were placed into each holding
tube, These holding tubes were then placed into the humidity chambers.,
Three replications for each relative humidity level were conducted simul-
taneously. The holding tubes were taken out and exsmined under a
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microscope daily, and the number of crawlers surviving was recorded.
Crawlers which showed no movements of their antennae or legs when the

holding tube was gently tapped on the stage of the microscope were
considered dead,



GEOGRAPHIC DISTRIBUTION

World

The world distribution of I. purchasi has been reported by
various authorities (DeBach, 1964; Rao, 1950; Thompson and Simmonds,
19643 and others). Fig. 5 shows the world distribution of I. purchasi,
and in Fig. 6 its relationship to the equator is presented. The dis-
tribution range for I. purchasi is extremely large, extending from
England (58° North Latitude) to the southern tip of Chile (55° south
Latitude) and all the way around the world from Hawaii (160° East longi-
tude) to the Fiji Islands (178° West Longitude). Recorded distribution
in the extreme north and south latitudes do not indicate whether they
were natural or greenhouse infestations. However, natural infestations
are known to occur in Japan and New Zealand which are 32°-45° North

Latitude and 35°-A7° South Latitude, respectively.

Hawaii

The distribution of I. purchasi on the island of Oahu was observed
at Honolulu, Pearl City, Ewa, Kaena Point, Kawela, Lale, Kailua, Lanikai,
and Waimanalo. Heavy infestations of scales were observed at Waimanalo,
Laie, and Lanikal.,

A survey for I. purchasi was nonducted during 1968 on the islands
of Hawaii, Maui, Kaual, Molokai, and Lanai. Scales were observed on all
the islands except Lanai, The locations on each island where I. purchasi
was collected during this survey are: Hawaii - Kealakekua, MacKenzie
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Park, Hilo; Maul — along Highway 30 near Kapalua Beach; Kauai —
Makaweli, Kapaa, Lihue, and Eleeie; Molokal — Halawa, Hoolehus, and
on the trail leading dowmn to Kalaupapa from the Palaau State Park., Most
infestations were light, but heavy infestations were found at MacKenzie
Park and Palaau State Park.

Populations of I. purchasi were usually observed at low elevations
near coastal areas. In one case I, purchasi was collected between 400

and 500 meters at the Kalaupapa Lookout on Molokai.



GENERAL BIOLOGY OF ICERYA PURCHASI

Early work on the biology of I. purchasi has been of a general
nature. According to Bodenheimer (1951), the biology of I. purchasi
was very difficult to study under natural conditions in Palestine.
Perhaps the lack of detailed information is due to the inherent diffi-
culty of studying this insect under field conditions.

Males arnd females of I. purchasi have been observed in various
temperate parts of the wurid. However, the presence of males was
extremely rare (Bodenheimer, 1951). Female adults were capable of
reproducing by self fertilization and were, therefore, in reality
hermaphrodites (Hughes-Schrader, 1930). During this study males were
not found though a persistent search was made. Therefore, the present
study 1s concerned only with hermaphrodites.

Some authorities feel that the adult female stage of coccids has
been suppressed and that the last immature stage has taken on the
reproductive function as a neoteinic immature. However, McKenzie (1967)
and others refer to this stage of other coccids ag adult females.
Therefore, this terminology of McKenzie's will be used throughout this
study.

The hermaphrodite scales have three ecdyses and three nymphal
instars of development. The life stages of I. purchasi include the
egg, first, second, and third instars, and the adult., The first instar

includes the crawler and the sessile phases.
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Eggs are laid in a filamentous waxy ovisac which continues to
increase in size with age. The first instar includes a crawler and a
sessile phase, After eclosion the crawlers remain in the ovisac for an
unknown period of time before escaping from the ventral portion of the
ovisac. The non-feeding crawler stage then moves about and usually
settles on the under surface of the leaves near the top of the plant.
Experiments conducted by Bodenheimer (1951) showed that the crawlers are
positively phototaxic and negatively geotaxic.

The insertion of the stylets into the plant tissues marks the
beginning of the sessile or settled phase. After settling the nymph
remains attached to the plant by its stylets until ecdysis. A short
time after settling, the nymph excretes from the anal opening a long
hollow waxy filament on which a droplet of honeydew is frequently present
at the distal end. According to Dingler (1930), this filament reached
a length of 50 mm in the laboratory, but in nature it does not exceed
5 mm, Observations made in the laboratory during this study showed
that the length of the filament did not exceed 21 mm and under field
conditions, the length agreed closely to that reported by Dingler.

In the process of ecdysis the second instar emerges through a dorsal
longitudinal slit which extends from the head to the thorax. The cast
off exuvium remains attached to the plant by the rostralis., After
ecdysis the nymph moves al:sut and then settles, It remains sessile
feeding on plant juices until the next molt. The above process is
repeated when the second instar molts into the third instar and the
third instar molts into the adult. After a short preovipositional period

the ovisac is produced and egg laying begins. As the size of the ovisac
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increases, the body is pushed up away from the plant surface, and the

scale is held in place by the stylets inserted in the plant tissue,

Description of Stages
A general description of the life stages of I. purchasi will be
given, Further details or micro descriptions and illustrations of the

stages are given by Kuwana (1922) and Bodenheimer (1951).

Egg
The egg of I. purchasi is orange, elongate-oval, and smooth,
The mean length is .71 + .05 mm and the mean width, .31 + .02 mm,

First instar

The newly hatched crawler is orange, elongate-oval in form, flat-
tened dorso-ventrally and slightly convex dorsally, and the antennae
are 6-segmented, The mean body length is .68 + .02 mm and the mean
width is .34 + .03 mm,

The sessile first instar is identical in shape to the crawler
except it is a little larger in size and the body is covered with a
white waxy material. The -mean length of the newly settled first instar
nymph is .76 + .05 ma and the width, .41 + .03 mm, When fully groun
and prior to molting, its mean length is 1,51 + .12 mm and its mean

width is .88 + .05 mm.

Second instar
The second instar nymph differs from the first instar very little

in shupe and size., The body is rounder and larger and the legs and

antennae are much heavier and thicker than the first instar. Their
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antennae are 6-segmented, but the relative lengths of the corresponding
segments differ. The mean body length is 1.44 + .25 mm and the mean
width, .82 + .04 mm, Before molting into the third instar, its mean
length is 2,33 + .11 mm and its mean width, 1.34 + .12 mm, There is
an overlap in size between the fully grown first instar nymph and the
newly molted second instar. However, two days after molting the mean
dimensions of the second instar are greater than those of the fully
grown first instar nymphs., This overlapping is probably due to food

intake.

Third instar
The third instar is reddish iun color and is broadly oval in shape,
larger in size than the previous stage, and has a considerable amount
of waxy-cotton secretion covering the body. The antennae ere 9-seg-
mented, The mean body length is 2.44 + .46 mm and the mean width, 1.39
+ .29 mm, Prior to molting into the adult, its mean measurements are

3.59 + .29 mm in length and 2.1k + .19 mn in width,

Adult
The adult is orange or reddish brown with a thin white powdery
wax secretion covering the entire body. The legs and antennae are
black. The body is broadly oval, venter flat, and the dorsum strongly
convex with two prominent ralsed areas on the second and third thoraxic
segments. The antennae are ll-segmented gradually tapering toward the
apex with the distal segment being club shaped. The newly molted adult
mean body length is 3.70 + .41 mm and the mean width, 2.08 + .25 mm,



The gravid scale has a white cottony ovisac which continues to
increase in size with age. The ovisac is dorsally convex and distinctly
fluted or grooved with 15 to 16 longitudinal rides. The largest ovisac
measured during this study was 13.8 mm long and 5.0 mm wide.

Duration of J_:.ife Stages

The duration of the egg stage was studlied in the laboratory at
a mean temperature of 25° C. Since the data for two randomly collected
samples of 50 eggs each laid on three different days showed no signifi-
cant difference the data were pooled (Table I). Duration of the
successive stages from sessile stage of the firet instar through the
adult stage were studied under semi-laboratory conditions on potted
Desnodium plants covered with organdy cages.

The data sﬁown in Table I showed thet the duration for each stage
was: egg, 15.4 + .76 days; sessile stage of the first instar, 12,3 +
1.16 days; second instar, 9.9 + .82 days; third instar, 9.8 + 1.52 days;
preovipositional period, 8.2 + 2.01‘ days; and the ovipositional period,
39.1 + 8,32 days. The mean developmental period from the sessile phase
of the first instar to egg laying was 40.2 + 2,78 days. The cumulative
duration from the beginning of the sessile phase of the first instar to

the death of the adult was 79.3 days.
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TABIE I, THE DURATION OF THE VARIOUS DEVELOPMENTAL STAGES OF ICERYA
PURCHASI REARED ON DESMODIUM

No. Duration (Days)

Stages Observed Range Mean + SD¥* Cumulative
Egg 300 12-17 15.4 + .76 —
1st Instar |

Crawler phase — Not Known¥t —

Sessile phase 27 10-14  12.3 + 1.16 12.3
2nd Instar 23 9-12 9.9 + 0,82 22,2
3rd Instar 18 8-13 9.8 + 1,52 32.0
Adult

Preoviposition 17 5-14 8.2 + 2.04 40.2

Oviposition 17 29-57 39.1 + 8.32 79.3

3% SD = Standard Deviation
8t Duration based on 275 eggs that hatched,

¢ Crawlers survived up to 11 days at 75% humidity. Settling occurred
with crawlers of known ages from 1 to 9 days old, with the settling
rates of 4 and 5 day old crawlers being significantly higher than
those of other ages.
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Hatching Frequency

The hatching frequency of I. purchasi eggs was studied in the
laboratory. The temperature in the laboratory ranged from 23.5 to
28.5° C with a mean of 25° C, Eggs for this study were obtained from
field collected females on Desmodium plants. To insure eggs of a
uniform age, the ovisacs containing the eggs were removed and discarded
by use of a camel-hair brush. Newly laid eggs were then collected daily
for three days from ten scales. The eggs laid each day were kept in
separate containers. From the eggs laid on the respective days, samples
of 50 eggs each were placed in small glass tubes, 0.95 cm inside dliameter
and 5 cm long. The ends were covered with organdy to allow free move-
ment of air and to confine newly hatched crawlers. The samples were
observed daily and the number of eggs hatched was recorded.

Since there were no significant differences among the data obtained,
the data for the three days were pnoled. Fig. 7 shows the daily and
cunulative per cent of I. purchasi eggs hatching. The peak number of
eggs hatched occurred on the 15th day with a slight decline during the
16th day of incubation. By interpolation of the cumulative per cent
hatched, the period required for 50% and 90% of the eggs to hatch was
15.0 and 16.7 days, respectively. There were 275 eggs which hatched from

the 300 eggs tested for a 91.6% hatch.

Fecundity
The number of eggs laid per female on Desmodium was studied. To
determine fecundity, 22 young adults without ovisacs were observed and

examined daily until the first eggs were oviposited, and thereafter the

scales were examined weekly. All eggs were removed from the ovisacs by
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the use of a camel-hair brush. Weekly egg production by each female
was counted under a dissecting microscope and recorded, This procedure
was continued until oviposition ceased.

The number of eggs produced per adult I. purchasi ranged from 337
to 1059 eggs. The mean number of eggs laid during the ovipositional
period was 678.6 eggs with a daily mean of 18.3 + 8.05 eggs. The weekly
meen nunber of eggs laid per female as shown in Fig. 8 was extremely
variable., The rate of egg laying increased about five times during the
second and third weeks over the number laid during the firét week., The
third week was followed by a rapid decline during the fourth and fifth

weeks and then a trailing off in egg production thereafter,

Growth Rate

The growth rate of I. purchasi was studied by seeding crawlers on
potted Desmodium plants covered with organdy to exclude predators and
parasites., These plants were kept outside and only brought intc the
laboratory for daily measurements of body width and length,

The arithmetic growth curve indicates the possibility of a geo-
metric growth function from the first instar through the preovipositional
period (Fig. 9). Upon reaching the preovipositional period the increase
in size levels off, The continual growth or increase in size of the
female scale during the preovipositional period could be due largely
to the ovarian development. There was a slight reduction in length
and/or width of the immature scales the day after ecdysis. This re-
duction in volume is undoubtly due to the molting processes.‘ It 1s

well known that insects are able to expand parts of the body to split
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the old skin at the time of molting and also to stretch the newly formed
cuticle to accommodate for the increase of the body before the next molt.
Also the scale stops feeding during ecdysis and does not commence to feed
until after it settles again. It is therefore, logical that measurements
taken during this time reflect changes in volume.

To determine whether growth followed a geometrical progression in
successive stages, the mean body width and length were plotted against
stages on semi-logarithmic paper (Fig. 10). It shows a rectilinear growth
curve. Fig. 11 shows the correlation between body width and length as
plotted on logarithmic paper: it also shows a well fitted rectilinear
relationship indicating that growth does occur in a geometrical pro-
gression for different stages of I. purchasi.

The geometric growth rate between the third instar and the mature
female supports the theory that the adult female stage of I. purchasi
seems to have been suppressed and that the last immature stage has taken
on the reproductive function as a neoteinic immature.

The growth rate of I. purchasi was similar to results found by

Park (1968) for Ceroplastes rubens Maskell and the growth rates for

other insects which have been subjected to Dyar's law (Dyar, 1931).
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Host Plants

Besides being cosmopolitan, I. purchag] is euryphagous. There are
many plants of economic importance included in the host list for this
scale. One of the most complete host plant records for I. purchasi is
that of Riddick (1955) where 128 species were recorded in Florida. Some
other workers giving host plant species records are Baker and Essig
(1912), Japan; Janini (1923), Spain; Poutiers (1930), France; Leonard
(1932), Puerto Rico; Zimmerman (1948), Hawaii; Bodenheimer (1951),
Palestine and Egypt; and Bennett (1959), Bermuda. Although there are

many different host plant species of I. purchasi, Citrus spp. (lemon,

lime, grapefruit and orange), Acacia spp., Casuarina sp., Pittosporum
sp., and Rosa sp. seem to be the most frequently observed hosts.

The host plants of I. purchasi in Hawaii were first reported in
excerpts from correspondence between Jaeger and Coquillett (Riley, 1891).
Jaeger gave the following common names as host plants of I. purchasi:
"all the citrus family, semang, casuvarina, mesquite, banyan, breadfruit,
mango, vi: various shrubs, such as roses, hibiscus, crotons, etc., in
fact nearly everything except eucalyptus, palms and sugar cane.” Other
host plant species were reported by Swezey (1935), Holdaway (1944),
Zimmerman (1948), Davis (1953), and van Zwaluwenburg, (1956).

The host plant list shown in Tables II and III indicate that 56
different plant species have been cited as host plé.nts of I. purchasi
in Hawaii. Of these 56 different host plants, 34 were identified to
species, 5 to genus, and 17 b& common namre, Those host plants identified
to genus and species are represented in 16 different families. I believe

at least four of the plants reported by common name (banyan, casizarina,



TABLE I. HOST PLANT SPECIES OF ICERYA PURCHASI IN HAWAII

Family Genus - Species Common Name Reference
Araliaceae Nothopanax sp, Zimmerman (19483)
Casuarinaceae Casuarina equisetifolia L. Ironwood Present study

Casuarina sp. Ironwood Zimmerman (1948)
Compositae Emilia sonchifolia (L.) DC. Floras Paint brush Present study

Sigesbeckia orientalis i, Sigesbeckia Present study
Convolvulaceae Ipomoea pentaphylla (L.) Jacq. Eairy Merremia Present study
Euphorbiaceae Acalypha godseffiana var. heterophylla Hort. Leafy Branch Present study

Buphorbia glomerifera (Millsp.) L.C.Wheeler Present study

Euphorbia heterophylla L. var. cyathophora Mexican Fire Plant Present study
(Murr). Griseb.

Jatropha hastrata Jacq. Rose-flowered Jatropha Present study
Goodeniaceae Scaevola sericea Vahl Beach Naupaka Present study
Leguminosae Acacia koaia Hbd, Koaile or koaita Davis (1953)

Acacia melanoxylon R. Br. Australian Blackwood Present study
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TABLE I, (continued) HOST PLANT SPECIES OF ICERYA PURCHASI IN HAWAII

Family Genus - Species Common Name Reference

Leguminosae Acacia sp. Zimmerman (1948)
Canavalia cathartica Thou. Mauna-loa Present study
Cassin plauca Lam. Kolomona Zimmerman (1948)
Cassia leschenaultiana DC. Cassia Present study
Crotalaria incana L. Rattlebox Present study
Desmodium canum (Gmel.) Schinz and Thellung Kaimi clover Zimmerman (1948)
Desmodium sandwicense E. Mey. Spanish clover Present study
Desmodium tortuosun (SW.) DC. Florida beggarweed Present study
Desmodium uncinatum (Jacg.) DC. Silverleaf desmodium Zimmerman (1948)
Desmodium virgatus (L.) Willd. Slender Mimosa Zimmerman (1948)
Mimosa pudica L. Sensitive plant Present study
Samanea sazman (Jacq.) Merr. Monkeypod Present study
Sophora chrysophylla (Salisb,) Seem. Mamane Zimmerman (1948)
Ulex europaeus L, Gorse Present study

Magnoliaceae Nandina domestica Thunb, Sacred Bamboo Present study

€e



TABIE IL (continued) HOST PLANTS OF ICERYA PURCHAST IN HAWAII

Family Genus - Species Ccrmon Name Reference
Malpighiaceae  Malpighia punicifolia L. Acerola van Zwaluwenburg (1956)
Malvaceae Cossypium tomentosum Nutt. Native cotton Swezey (1935)
Moraceae Ficus benghalensis L. Banyan Present study

Morus nigra L. Black mulberry Present study
Myrtacesae Psidium guajava L. Guava Present study
Onagraceae Fuchsia sp. Present study
Pittosporaceas Pittosporum tobira (Thunb,) Ait. Present study
Proteaceae Macadamia integrifolia Maiden and Betche Smooth-shell Present study
Macadamia Nut
Rutaceae Citrus grandis (L.) Osbeck Shaddock Present study
Citrus reticulata Bleco, Mandarin orange Present study

Citrus sp, Zimmerman (1948)

e



TABLE I, HOST PLANTS OF ICERYA PURCHASI IN HAWAII

CITED BY COMMON NAME ONLY

35

Common Name Reference
Banyan Riley (1891)
Breadfruit Riley (1891)
Casuarina Riley (1891)
Citrus (family) Riley (1891)
Croton Riley (1891)
Bggplant Holdaway (1944)
Hibiscus Riley (1891)
Lime Zimmerman (1948)
Mango Riley (1891)
Mesquite Riley (1891)
Monkeypod Zimmerman (1948)
Peppermint Zimmerman (1948)
Rose Zimmerman (1948)
Sage Zimmerman (1948)
Samang Riley (1891)

Silver wattle

Soybean

Zimmerman (1948)
Holdaway (1944)
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citrus familj and monkeypod) may be included in the genus, species host
list, and Casuarina sp. reported by Zimmerman {1948) may be the same
plant as Casuarina equisetifolia, identified in the present study. This
would reduce the host plant list from 56 to 51. Twenty-six new host plant
species were found in the present study. Only plants infested by the ses-

sile stages were considered to be host plant species in this study.



BEHAVIORAL ASPECTS

Settling Rates of I. purchasi Crawlers

Little is kmown about the duré.tion of crawler stages and settling
rates of many scale insects. After the eggs hatch the crawlers remain
in the ovisac or under the body of the parent. The period spent in the
ovisac and the factors causing them to emerge from the ovisac are not
known,

The purpose of this experiment was to determine at what age the
crawlers of I. purchasi settled on the host plant. The age of newly
hatched crawlers before escaping from the ovisac is not known under
natural conditions,

Newly hatched I. purchasi crawlers of known ages were obtained by
collecting eggs daily from females whose ovisacs were removed. The
eggs laid subsequently were collected and placed in petri dishes. After
hatching, crawlers of various ages were obtained by holding them for
various perlods in glass tubes with both ends covered with organdy.

Studies of settling rates for nine age groups of crewlers ranging
from 1 through 9 days old were conducted. For each age group tested,
three replications of 10 crawlers each were seeded on young Desmodium
cuttings, Fig. 12, The cut end of Desmodium, wrapped with cotton, was
placed into a small plastic tube which was corked at one end and filled
with water, To keep the cuttings in an upright position, a pin was
pierced through the cork and into a flat sheet of pinning cork about

4 em square. The platform cork was then anchored to the center of a
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FIGURE 12, A UNIT USED TO STUDY THE SETTLING RATES OF
ICERYA PURCHASI CRAWLERS ON DESMODIUM
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petri dish which was filled with water to prevent crawlers from escaping.
The cuttings seeded with the crawlers were then placed into a large
darkened box for a period of one hour., The number of crawlers settling
during this period was recorded by observing them under a dissecting
microscope.,

Settling rates of I. purchasi crawlers of various ages are pre-
sented in Fig. 13 and Table IV. Fig. 13 shows the percentage settling
by crawlers of various ages. The greatest settling rates (90 %)
occurred with four day oid crawlers. A test of all comparisons among
means analyzed by Duncan's multiple range test showed no significant
differences between the means of crawlers four and five days old; five
and three days old; six and seven days old; two, one, and eight days
old and eight and nine days old at the 5 % level (Table IV). Some
overlapping was evident in the scttling rates. This overlepping was
probably due to the fact that the crawlers were collected every 24
hours, so those eggs hatching just prior and just after collecting
would be almost the same age.

The duration of the crawler within the ovisac after eclosion is
not known. However, the data on settling rates suggest that the period
most crawlers remain in the ovisac may range from two to five days.
Since the peak settling occurs on the fourth day, it would be reasonable

to suspect that the majority of crawlers would escape from the ovisac

prior to the fourth or fifth day.
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‘TABLE TV, NUMBER OF CRAWLERS OF ICERYA PURCHASI SETTLING ON DESMODIUM
CUTTINGS AT VARIOUS DAYS AFTER HATCHING

(Dog) sotiling. vl
1 n 3.74d
2 12 4.0 d
3 22 7.3 b
4 27 9.0 a
5 25 8.3 ab
6 18 6.0 ¢
7 18 6.0 ¢
8 9 3.0 de
9 5 2.5 e

#* Total for three replications (N = 10 for each replication)

33 Means followed by the same letter are not significantly different
at the 5 per cent level,



Dispersal

Man has unknowingly disseminated I. purchasi to many different
places by the shipping of infested nursery stock from place to place.
The ability of this scale to subsist on many different host plants has
certainly enhanced its rapid spread and establislment in many tropical
and sub-tropical areas of the world. |

Birds, insects, animals, and wind have been incriminated a&s dis-
seminating agents of I. purchasi (Gossard, 1901). According to Wolcott
and Sein (1933) and Bodenheimer (1951), wind is the most important agent
in dispersing I. purchasi. However, these statements by the above
mentioned authors appear to be based on circumstantial evidence. For
example, Bodenheimer (1951) reported that I. purchasi was disce rered on
Juncus shrubs on dunes between Haifa and Akko, at least 4 km., from the
nearest habitation for which wind can only be responsible. Similar
examples were presented by Wolcott and Sein (1933).

Four sticky traps were made from 7 x 10 cm glass plates coated
with a thick layer of vasaline. The traps were mounted on moveable
weather vanes, so that the sticky surface of the glass plates was always
turned into the wind. The traps were arranged in a line parallel to
the direction of the wind, The first trap was placed on the windward
edge, the second in the center, the third on the leeward edge of a
heavily infested Desmodium field, and the fourth 30 meters leeward of
the third trap at the edge of a plumeria field., After 48 hours the
number of crawlers captured on the traps was: 0, 11, 16, and 3 on the
first, second, third, and fourth traps, respectively. |

Another way in which the wind may play an important role in
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dispersal of scales is by blowing the ovisac containing the eggs and
newly hatched crawlers some distances from the original site. It is
not unusual to see wind-battered ovisacs; especially, those from scales
that have been parasitized by Cryptochaetum iceryae which might easily
be carried away by strong winds to new locations.

Dispersion of crawlers by walking long distances is unlikely.
However, dispersion by crawling from plant to plant is probably a
cormon method of dispersion within a Desmodium field.

Studies were conducted on crawler movement by tracing the movement
of ten crawlers for a period of 30 minutes on paper in the laboratory.
The temperature and relative humidity ranged from 23 to 24° C and 52 to
51, %, respectively during these observations. Light conditions were
uniform being less than 5 foot-candles, The furthest distance from the
point of release ranged from 20 to 105 cm, In this study the movement
of crawlers appeared to be completely random in all directions from the
point of release, In the course of movement, the crawlers wandered all

over sometimes doubling back and forth and looping.



Orientation

The orientation behavior of adults and nymphs of I. purchasi on
Desmodium plants was studied. This scale settles on stems and on the
under surface of leaves. Since adult scales seldom settle on the leaves,
only the orientation of adults on stems was studied. Orientation of
the nymphs was studied on both stems and leaves. There are many possible
ways in which the scale can orient itself on the plant. However, the
primary ways in which the scale orients itself are: 1) head end up on
stem, 2) head end down on stem, 3) head end toward petiole on leaf, and
4) head end toward the apex of the leaf.

It was postulated that if orientation occurred at random, orienta-
tion in all directions would be equal.

The orientation of 387 scales was observed of which 55 were adults
and 332 nymphs. From the 55 adults observed, 49 oriented themselves
with the head end up on the stems and 5 with the head end dowm on the
stems., These data were subjected to the chi-square test. A chi-square
value of 35.85 (P < .0l) was not consistent with the null hypothesis.
Therefore, the adults do not orient themselves at random on the piant,
but more settle with the head end up than head end down on the stems.

Of the 332 nymphs observed, 68 were on the stems and 264 were on
the leaves. Out of the 68 nymphs settling on the stem, 43 oriented with
the head end up and 25 with the head end down. A chi-square value of
4.77 (P < .02) was not consistent with the null hypthesis of a 1l:1 ratio.

Of those nymphs settling on the leaves, 196 oriented toward the
petiole and 69 toward the apex of the leaves. These data were also sub-

jected to the chi-square test. The value of the chi-square was 6.21
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(P > .01) which was also not consistent with the null hypothesis.

The orientation of nymphs of I. purchasi on the stems and leaves
of Desmodium plants was not random as previously postulated. More
nymphs were oriented with the head end up than with the head end down
on the stems, and more nymphs oriented themselves with the head end

toward the petiole than toward the apex on the leaves.,
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Settling Behavior in the Field

A1l stages of I. purchasi with the exception of eggs and newly
hatched crawlers are sessile. However, there is a short non-sessile
period between molts., The extent of movement between molts was studied.

The number of sessile scales for each stage of I. purchasi
occurring on the top, middle, and bottom portions of Desmodium in
relationship to settling on leaves and stems was recorded. The data
were taken from 20 Desmodium samples taken twice a month during 1967-68
at Waimanalo, Oahu.

The data are graphically shown by the histogram in Fig. 14. As
development proceeds from the sessile first instar to the adult, a
change in settling sites from the leaves near the top to the stems at
the base of the plant occurs. The distribution of the various stages
are somewhat different on the plant; however, the same trends for each
stage are evident in Desmodium Fields No. 1 and No. 2. The first
instar nymphs occurred primarily on the leaves for each portion of the
plant with the greatest per cent occurring on the top. The order of
distribution was top > middle > bottom for scales settling on leaves.
However, of those which settled on the stems, the order was reversed being:
bottom > middle > top.

The distribution of the second instar showed a decreasing order from
top to bottom for those which settled on the leaves, and in reverse order
for those settling on the stems. The per cent of scales settling on
leaves vs. stems for the second instar was very similar being 11.6 and
9.1 %, and 11.4 and 10,8 % for leaves vs. stems in Field No. 1 and No, 2,

respectively, The top portion of the plant had a greater per cent of
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scales on the leaves, while the bottom portion had a greater per cent
on the stems., This changing over from leaves to stems on the bottonm
portion may bevpartly due to the reduction and some times the absence
of leaves on this portion.

The distribution of the third instar nymphs on leaves vs., stems
was just in reverse of the distribution of the first instar. More
third instar scales occur on the stems than leaves on all three portions
of the plant with the greatest per cent on the bottom. The order of
distribution was bottom > middle > top for scales on the stems in both
fields, and top > middle > bottom and middle > top > bottom for scales
settling on leaves in Field No. 1 and No. 2, respectively.

Over 97 % of the adults occurred on the stems in both fields. In
both fields the order of distribution on the three portions were bottom

> middle > top. Very few adult scales settled on the leaves.
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Distribution on Desmodium

The purpose of this study was to determine: 1) the distribution
of sessile scales on leaves and stems, and 2) the number of scales
settling on the top, middle, and-vottom portions of Desmodium plants.

The number of sessile scales on the top, middle, and bottom portions
of Desmodium, and the numbers occurring on the leaves and stems were
recorded. The data were taken from the 20 Desmodium samples taken twice
a month during 1967-68.

Out of 1,387 scales examined from Field No, 1, and 5,013 scales
examined from Field No. 2, 59% of the scales occurred on the leaves
and 1% of the scales occurred on the stéms for each field, The rela-
tionship of the iotal per cent of scales settling on the leaves vs.
stems for top, middle, and bottom are graphically shown by the histo-
gram in Fig, 15, The data for both fields show a shifting trend in
distribution of the scales from the leaves on the top to the stems near
the base of the plant.

Fig. 16 shows a histogram of the distribution of scales in relation-
ship to top, middle, and bottom for total scales in both Fields No. 1
and No. 2, respectively. The number of scales was nearly equally
distributed over the whole plant. There were 3k4.4, 29.7, and 36.0%, and
40.8, 29.2, and 30.1% on the top, middle, and bottom portions of the

plants for Fields No. 1 and No., 2, respectively.
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Distributional Pattern in the Field

Observations were made on the distribution of I. purchasi during
1968 in the same fields where the field population studies were conducted.
Within each field, there were many heavily infested foci, These foci
appeared to be distributed across the width of the fields having a some-~
what irregular oblong shape or stripped effect. The scale populations
seemed to decrease with the increased distance from the foci. This\\
stripped pattern was also observed in smaller plots which had been a@_\:ﬁc
with crawlers. The wind usually blows across the fields in the direction
of the stripping.. In experiments carried out for determining dispersal
by wind, it was found that crawlers were blown dcwn wind across the width
of the field, This might explain one of the reasons for the stripped
distribution across the field., Other factors involved could be a differ-

ence in hybridization of the plants, soil conditions, plant nutrients and

other unknown factors.



NATURAL ENEMIES

The important natural enemies of I, purchasi are vedalia, R.
cardinalis, and C, iceryae. Studies were conducted on the life history

and biology of R. cardinalis and on the establishment of C. iceryae.

Rodolia cardinalis

The classic example of biological control of I. purchasi by R.
cardinalis in California is well known. Since this successful bio-
logical control of I, purchasi, this predator has been introduced
into many different countries. The daration from egg to adult takes:
about 35 days in California (Coquillett, 1889); 13 to 20 days during
the sunmer, and from 89 to 168 days during the winter under laboratory
conditions in Japan (Kuwana, 1922); in South India it takes from 30 to
70. days (Rao and Cherian, 1944); and in Palestine during the summer the
average development was 21 days and in the winter the average develop-
ment ranged from 70 to 77 days (Bodenheimer, 1951). The life history
for R, cardinalis has not been previously studied under Hawaiian conditions.

The adult is oval in form and varies greatly in size. The females
are usually larger than the males, The color pattern, black markings
on a reddish orange, is very pronounced and striking., The dorsum is
covered with very minute hairs,

The adults emerged by splitting the pupal case from the anterior
end to the middle of the 8th abdominal segment. Mating was observed

shortly after emergence, and in some cases a pair remained in copula
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for 4} hours. The preovipositional period lasted for approximately two
days. _

The egg is red, long elliptical or oblong, and measures about .71 mm
in length and .34 mm in width,

The eggs are laid elther singly or in pairs on the ventra.li aspect
of the ovisac of a mature female of the host. As many as ten eggs have
been found on the ovisac under laboratory conditions; however, only 3 to
4 eggs are usually observed under field conditions. Eggs hatched in 3.5
to 5.5 days in the laboratory during April.

During eclosion the egg shell splits nearly 1/3 of its entire
length on the upper side and the larva emerges from this opening. The
newly hatched larva measures .83 + .05 mm in length and the head capsule
is .18 + .01 mm in width, It is pinkish in color with a dark brown
head, The body is somewhat elongate and tapers toward the caudal end.
Segments two to eleven each have three dark brown warts on each lateral
side, The warts on segments two and three were situated more subdor-
sally than those on four and eleven.

The second, third, and fourth instars a.ie similar in appearance to
the first except for size and a slight darkening of the warts on segments
two and three,

The average body length and width of the capsule are presented in
Table V and shown graphically on log-log, 2 cycle paiaer in Figure 17,
Measurements of the width of the head capsules were more unifsrm than the
body length in all four instars. However, the body length and width of
the head capsule of the first instar larvae were very uniform with little



TABLE V. MEAN BODY LENGTH AND HEAD CAPSULE WIDTH OF DIFFERENT
INSTARS OF RODOLIA CARDINALIS
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Body length (mm)

Head capsule width (mm)

Ingtar Mean + SDit Mean + SD
First 0.83 + .05 0.18 + .01
Second 1.63 + .24 0.25 + .05
Third 3.02 + .32 0,36 + .05
Fourth 4,86 + .48 0.51 + ,17

* Standard deviation
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deviation from the mean measurements. Fig. 17 and Fig. 18 show that the
growth 1s geometric and is in agreement with Dyar's law. The growth
rates of the body length and the width of the head capsule are not the
same as indicated by the slopes of the curves. The growth rate of the
body length was greater than that of the head capsule, Fig. 18.

The duration of egg, larval and pupal development at 26° ¢ is given
in Table VI. The developmental perlod of the fourth instar larva includes
a pre-pupal stage which lasts about two days where the larva stops feeding
and becomes covered with a light gray powder before pupation occurs,

The pupa is partially enclosed in the old lerval skin which has black
spots and a whitish powdery appearance. The exposed part of the pupa
is 1lightly mottled and brownish red with two dorsal black spots. The
duration of the pupal stage ranged from 3.5 to 5.5 days with an average
of 4.6 days.

The immature stages feed primarily on eggs and crawlers of the
I. purchasi by sucking out the body contents. However, the adults and
fourth instar larvae feed on adult scales. All stages, except the egg

of R. cardinalis, are very active and voracious feeders.

Cryptochaetum lceryae

The biology and post-embryonic development of C. iceryae was
worked out by Thorpe (1930) in California. According to Thorpe and

observations made during this study, the eggs of C. iceryae are most

frequently found in scales which are about half grown (second instar).
The eggs are inserted in the haemocoel of the host where they swell

similarly to those of hymenopteriform eggs. The incubation period
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TABLE VI. DURATION OF THE DIFFERENT STAGES OF RODOLIA
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CARDINALIS
No. Days

Stage Obsgerved Mean + SDit Cumulative Range
Eeg 20 4,50 + .38 - 3.5 = 5.5
Instars

First 12 3.88 + .52 8.38 3.5 = b5

Second 12 3.64 + .77 12,02 3¢5 = 4.0

Third 12 2.75 + 46 .77 2.5 - 3.5

Fourthi®¢ 12 5.64 + .37 20.41 5.5 = 6.5
Pupa 8 L.63 + .84 25.0L 3.5 = 5.5

* 8D = Standard deviation

##* TIncludes the pre-pupal period
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was 3 to 4 days (Thorpe, 1930), but according to Smith and Compere
(1916) it was 4 to 5 days. A high egg mortality was observed by
Thorpe (1930). Smith and Compere (1916) estimated that a single female
deposits as many as 200 eggs.

There are four larval instars. The duration of each instar is
not known. However, Thorpe (1930) gave the duration of each as follows:
first instar, very short being almost certain not to exceed two days;
the second instar, probably three days or a little longer; and the third
instar, about ten to twelve days. The durations for the fourth lnstar
and the pupal stage were not given. The longevity of the adult fly is
not known,

There are no records of the introduction of C. iceryae into Hawail.
Beardsley (1967) first reported the presence of this parasite caught in
an ultraviolet light trap near the Manoa Campus of the University of
Hawaii in July, 1966.

The establishment of C. iceryae was confirmed by rearing several
specimens of this parasite from I. purchasi collected on Desmodium on
the Manoa Campus during the latter part of December, 1966 (Hale, 1968).

In order to determine the distribution of C. iceryae, monthly
surveys were conducted on the island of Oahu. The parasitization by
C. iceryae was established by dissecting the immatures of I. purchasi
collected during this survey. C. iceryae was observed during 1967 in
the following areas: Waimanalo, April 21; Lanikal, July 14; Llaie,
August 25; and Pearl Harbor, November 30, C. iceryae apparently is not
established on Hawaii, Kauai, Maul, and Molokai since surveys conducted

during August and September of 1968 showed no parasitized scales,



POPULATION DYNAMICS

Seasonal Abundance

The seasonal fluctuations of I. purchasi populations were studied
in two fields of Desmodium at Waimanalo, Oahu from July, 1967 to June,
1968, For this study, 20 stems (including leaves) were taken randomly
twice a month from each field and all stages were counted,

Although I. purchasi occurred throughout the year there was a
definite seasonal trend. Population trends in the two fields studied
wore similar although indices of population density in Field No., 2
were about twice as high as those in Field No. 1 (Fig. 19). However,
the scale population in Field No. 1 appeared to be more stable than
that of Field No. 2. Peak populations were reached during August,
September, and October in Field No. 1, and during July and September
in Pield No. 2. The three peaks occurring in Field No. 1 were nearly
at the same level of abundance., In Field No. 2 the peak which occurred
in September was much higher than the one occurring in July. The scale
populations declined rather sharply during September, October, and
November in Field No, 2, and during October and November in Field No, 1.

Weather conditions did not appear to be responsible for the rapid
decrease in population densities which occurred during September, October,
and November, However, they did-play an important role in suppressing
any increase in the population of I. purchasi during December. A pre-
cipitation of -22 inches rainfall was recorded for 22 days, and 6.9 inches
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fell on the 10th and 9.8 inches fell on the 18th of December. Heavy
rainfall was also recorded during January and March, 1968,

Biological agents were responsible for the rapid decline in the
scale population in Desmodium fields during October and November. Data

supporting this will be presented later in the section on predator and

prey populations,

Age-Specific Population Trends
In this study the population fluctuations of immature sessile

stages and adults were considered. Data for Field No. 1 and Field No, 2
are shown in Figures 20 and 21. The data for both fields showed two
peaks in the populations of the first, second, and third instar immatures.
However, there was a lagging effect in the peaks between the instars,
This lagging effect was more pronounced in Field No. 2 than in Field

No. 1. The adult population showed an increasing trend from July to
September. This is probably due to the long longevity of the‘adult.

_ Age Structure
The composite age structure of the sessile stages of I. purchasi
on Desmodium plants during 1967 and 1968 at Waimanalo, Oahu are
graphically presented in Fig, 22, Of the total populations the first
instar represented 48 and 51%; second instar, 22 and 21%; third instar,
14 and 15%; and adult female, 13 and 16% in Fields No. 1 and No. 2,

respectively.
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Seasonal Reproductive Activity

The seasonal reproductive activity of I. purchasi was studied by
counting the number of eggs and crawlers present in the ovisacs of the
mature female scales. There were adults which had: 1) no eggs or
crawlers, 2) eggs, 3) eggs and crawlers, and 4) crawlers. The average
number of eggs and crawlers per adult was based on the total number of
eggs and crawlers added together and dividing this sum by the total
number of adults,

Fig. 23 shows the seasonal fluctuation of the average number of
eggs and crawvlers per mature female for Field No. 1 and Field No. 2
from July to November, 1967. Eggs and crawlers were not observed during
July and December, 1967 or from January through May, 1968. However,
during June, 1968 there were 186 eggs and 128 eggs collected from one
mature female each in Field No. 1 and Field No., 2, respectively. Peak
egg and crawler production occurred during September in Field No. 2,
and in Field No. 1 there was a high production in September peaking in
October followed by a very rapid decline during November,

It should be realized that the oviposition of I. purchasi lasts
approximately 4O days and that e?losion and emergence of crawlers from
the ovisacs are also going on during this period. Therefore, this is
only an approximation of the reproduction fluctuation which is occurring
in the population. The decrease in reproduction probably occurs from
both abiotic and biotic factors affecting the reproductive stage. All
stages of I. purchasi and especially the eggs and crawlers within the
ovisac are eaten by developing larvae of R. cardinalis.
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Predator and Prey Populations

General observations on the effectiveness of R. cardinalis in
suppressing i:opulations of I. purchasi are reported in the literature.
DeBach (1964) gives 26 cases of complete control and 4 cases of sub-
stantial control of populations of I. purchasi by R. cardinalis in
some 30 different countries or islands,

Because of the high populations of I. purchasi observed in
Desmodium fields at Waimanalo, Oahu, it was suggested that R. cardinalis
was not capable of suppressing populations of I. purchasi on this host
plant. Therefore, the purpose of this study was to evaluate the
effectiveness of R. cardinalis in controlling populations of I. purchasi.

Data on the number of eggs, larvae, pupae, and adults of R.
cardinalis wers obtained from samples of Desmodium stems taken twice a
month,

The relationship between the populations of R. cardinalis and I.
purchasi is graphically shown in Fig. 24 for Field No. 1 and Field No.
2. The feeding stages (larvae and adults) of R. cardinalis were not
present in samples during some sampling periods during July, August, and
September in Field No. 1. They were also not present in samples taken
on July 27 and September 7 in Field No. 2; while the scale population
was prevalent during these periods. There was a lag between the peaks
of predator and prey populations which occurred during October and
November,

Adults of R. cardinalis were seldom observed in either field. The
apparent scarcity of adults may be due to at least two factors: 1) than-
atosis of the adults; i.e. the adults dropping to the ground when
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disturbed and 2) adult movement in and out of the field, Although
hardly seen, the adults must have been present for a number of eggs

were found on the ovisacs of I, purchasi.

Ape-gpecific seasonal fluctuations

Populations of R. cardinalis were present from July to November,
1968, but absent during January to June, 1968, The data for the age-
specific fluctuations are presented graphically in Fig. 25. All stages
of R. cardinalis show great fluctuations which indicate that the popu-~
Jation was very unstable., The population trends in both fields are
somewhat similar showing larval peaks for August and November. Field
No. 2 also shows a larval peak for September. The decline after the
peak in September in Field No. 2 may partially be due to a decline in
mature female scales during that period. The populations of R, cardi-
nalis in both fields dropped to zero during September before peaking

agaein in October and November.

Exclusion and other observations

Natural enemies of I. purchasi were excluded from a 2 x 2 meter
screened Desmodium plot (Fig. 26). The plot was seeded with crawlers
of I. purchasi during June, 1968, and observations were made twice each
month, The population of I. purchasi within the plot increased to the
extent that the Desmodium was completely killed out withir 3% months.

Other cbservations of I. purchasi populations on Casuarina hedges
showed that shortly after the first R. cardinalis larva was observed,

the populations of I. purchasi diminished. These observations are in

agreement with those of other workers.
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Parasite and Host Populations
The effectiveness of C. liceryae in suppressing populations of
I. purchasi in the San Francisco Bay region has been reported by
Thorpe (1930). The accidental introduction of C. iceryae in 1966

and its subsequent establishment on I. purchasi on Desmodium at

Waimanalo lead to an investigation of the extent of parasitization by
this parasite.

The data on parasitization by C. iceryae were obtained from the
samples collected twice a month during 1967-68, Each scale was dis-
sected and examined for parasites under a dissecting microscope. The
number of parasitized individuals for each stage and for each portion
(top, middle, and bottom) of the stem (including leaves) was recorded,
Total parasitization was obtained for the whole stem (including leaves)
by adding the number of parasitized scales for each of the three portions
together,

No parasitization by C. iceryae of the first instar of I. purchasi
vas found during this study. Stages susceptible to parasitization were
the second and third instars and the adult scales.

In Fig. 27 the relationships between total susceptible stages and
the number of parasitized scales per 20 samples in Field No. 1 and
Field No. 2 during 1967-68 are presented. Peak parasitization occurred
during August in Field No. 2 and during September in Field No., 1. A
high incidence of parasitization was also evident during those periods
of low scale abundance. From December, 1967 through June, 1968 the

overall parasitization was 50 and 66% in fields No. 1 and No. 2,

respectively.
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Although the susceptible scale population in Field No. 2 was twice
that of Field No. 1, the total per cent parasitization was 8.2% in Field
No. 2 as compared to 15.3% in Field No. 1. The factors causing this
higher per cent parasitization in Field No, 1 are not known.

The relationship between the susceptible number of scales and the
number parasitized for each susceptible stage per 20 samples from July,
1967 to June, 1968 is graphically presented in Figures 28 and 29 for
Fields No. 1 and No. 2, respectively. The total percentage parasitization
for each of the different stages in Field No. 1 was: first instar
(crawlers and sessile phase), O; second instar, 5.2; third instar, 18.5;
and adult, 25.2. In Field No. 2 the percentage parasitization was:
first instar, 0; second instar, 3.3; third instar, 10.0; and adult, 14.8.
In both fields total parasitization was greatest for the adults followed
by the third instar and then the second instar scales., It appeared that
there was an additive effect occurring in parasitization from the second
instar to the adult stage of I. purchasi. The different stages of I.
purchasi continued to develop after being parasitized by C. iceryae.
Therefore, parasitized second instar nymphs which molt into third instar,
and those third instar nymphs that continue to develop and also newly
parasitized ones which molt into adult scales would cause an additive
effect in the number of parasitized third instar nymphs and adult scales.

The distribution on the stems and leaves of parasitized I. purchasi
for the top, middle, and bottom portions of the plant were 6.8, 13.0,
16.7% in Field No. 1 and 3.4, 7.8, 11.8% in Field No. 2 for the top,

middle, and bottom portions, respectively.
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Mortality of I. purchasi

The mortality of the different stages of I. purchasi for field
populations was studied a the same two Desmodium fields used in making
the seasonal abundance studies.

Since the evaluation of mortality for each scale from egg to adult
is time consuming and probably impossible because of its behavioral
characteristics, the mortallity ratio for field populations was based
on direct counts of all stages from field collected samples. The same
data obtained for the population studies on I. purchasi were used in
studying the mortality rates., However, only the data for the period
from August to November, 1967 were analyzed because of the reproductive
activity and abundance of scales during that period.

Since the data collected were samples of the population, only an
estimation of mortality rates can be approximated for field populations.

Theoretically, the relationship between the number of eggs produced
and the number of individuals developing into the successive stages
should give an approximation of the mortality rates in the population.
Therefore, the successive cumulative population nmumbers for each devel-
opmental stage from August to November, 1967 are shown in Fig, 30 for
Field No. 1 and Field No, 2, Because eggs and crawlers are non-feeding
stages, they were totaled together and treated as the egg-crawler stage.

The data presented in Fig. 30 shows the relative mortality and
the relative mortality ratio of the different developmental stages in
the two fields, The mortality results shown graphically are very similar
in both fields, although the population in Field No. 2 is about twice as

abundant as the population in Field No. 1.
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The average per cent mortality, computed by dividing the cumulative
number of eggs and crawlers into the adults, was very high being about
98.8% in Field No. 1 and 98.2% in Field No. 2. The highest mortality
occurred in the egg-crawler stage with a decline in mortality as devel-
opment proceeded to maturity.

The average per cent mortality between stages was computed by
dividing the cumulative number of the preceding stage into the next
cumulative number obtained in the succeeding stage. The average per
cent mortality based on the cumulative totals between the different
developmental stages in Fields No. 1 and No. 2, respectively, were:
egg~-crawler stage, 97% and 95%; first sessile instar, 54% and 50%;
second instar, 14% and 37%.

Theoretically, since the adult longevity of I. purchasi is about
5 times longer than the developmental period for the third instar
nymphs, one wovld expect the cumulative number of adults to be larger
than that of third instar nymphs. However, there was no apparent
difference between the numbers of adults and third instar nymphs.
Therefore, the relative mortality occurring during the third instar
is not known, The reason for the apparent failure of adults to increase
ovér the third instars as postulated may be primarily due to the affects
of natural enemies, Studies made of R. cardinalis showed that eggs are
usually deposited on the adults and, therefore, they are destroyed to a
greater extent than the third instar nymphs. Furthermore, C. iceryae
oviposits in third instar nymphs but the hosts are usually not killed
until they reach the adult stage. Although the mortality of these two

stages was not measured, it appears that the mortality of the adults
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would be greater than that of the third instar nymphs.
Effects of Humidity on Mortality of Crawlers of I. purchasi

The effect of various relative humidities on the mortality of newly

hatched crawlers of I. purchasi was studied by exposing crawlers to
hunidities of 11, 37, 50-60, 75, and 100%. The crawlers tested under
completely saturated conditions were caught in the droplets of water
which condensed on the surface of the holding tubes., Under these condi-
tions the majority of the crawlers died by drowming, therefore, the data

on the mortality of crawlers in 100% relative humidity were not

presented.
In Fig. 31 the daily per cent mortality of crawlers is graphically

shown for 11, 37, 50-60, and 75% relative humidities. There appears

to be a definite threshold for each relative humidity when mortality
factors come into play. Once this point is reached there is a rapid
declining trend in the number of survivors for each humidity. It is
apparent from Fig. 31 that crawlers subjected to high relative humidities
survive longer than those subjected to the low humidities., The mean
number of days for 50% mortality of the crawlers was 4.6 at 11%; 6.0 at
37%; 7.0 at 50-60%, and 8.6 at 75% relative humidity, Duncan's

multiple range test (Duncan, 1955) showed that the difference among all

means were significant at the 1% level (Table VII).
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TABLE VII. MEAN NUMBER OF DAYS FOR 50 PER CENT MORTALITY OF
ICERYA PURCHASI CRAWLERS EXPOSED TO VARIOUS RELATIVE HUMIDITIES

84

Per Cent Survival
Humidity (Days) Meamt
75 8.6 a
50-60 7.0 b
37 6.0 ¢
11 L6 d

# Means followed by different letters were significantly different
at the 1 per cent level.



DISCUSSION

This study was concerned with only the hermaphroditic population
of I, purchasi for no males were found during this study. However,
Beardsley reared two males from scales he had collected on Pittosporum
sp. several years ago (personal communication). According to Bodenheimer
(1951), Quayle (1938), and others, the males of I. purchasi were
extremely rare. There were years when males were present and years
when no males have been observed. The absence of males of C. rubens
in Hewaii was reported by Park (1968); although, the production of
males has been reported in temperate areas. This same phenomenon for
aphids has been reported by Mordviko (1928).

Some inferences can be made concerning the biology of I. purchasi
in Hawaiil with results rgported by other workers, even though the
studies were made on different host plants, in different climatic condi-
tions, and using different methods. The average developmental rate of
I. purchasi was more rapid in Hawaii than that reported from Japan,
Palestine, China, and Switzerland (Kuwana, 1922; Bodenheimer, 71951;
Peng, 1935; and Geier and Baggiolini, 1950). This rapid development
in Hawaii was undoubtedly due to the more favorable climatic conditions

than those in other countries, and it could possibly be due to different

strains. The mean number of 678.6 eggs laid by I. purchasi on Desmodium
was similar to the 634 eggs reported by Kuwana (1922) for the first
generation of scales on citrus in Japan. However, the second generation

in Japan only produced 220 eggs which was similar to the 117 eggs
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reported by Bodenheimer (1951) on citrus in Palestine. Differences in
the number of eggs laid per adult in Japan were atiributed to temperature
changes. Neither Kuwana nor Bodenhelmer studied the scales throughout
the ovipositional period, but apparently obtained their results by
counting the number of eggs and crawlers in the ovisac. Kuwana dis-
sected the adults to determine the number of undeveloped eggs still

in the scale while Bodenheimer estimated this number by adding 10 per
cent,

The duration of the crawler stage between eclosion in the ovisac
and settling on the plant is unknown. Kuwana (1922) reported that
unfed crawlers held in a jar all died within 10 days. Mortality
studies of crawlers reported in this study éhowed that crawler survival
is favored by high relative humidities., The crawlers survived up to 11
days in 75% relative humidity. Tests conducted on settling rates of
known age groups of crawlers from 1 through 9 days old showed that 4
and 5 day old crawlers had a significantly higher settling rate than
the other ages tested in the laboratory. These laboratory data suggest
that the majority of crawlers may escape from the ovisac and settle by
the 4th or 5th day after eclosion.

There are many factors or conditions, innate, biotic, and abiptic,

which influence the population density of I. purchasi in Desmodium

fields. Seasonal abundance studies showed a period of abundance from
July to November with a peak in Avgust and September, and a low popu-
lation during December through June. The rapid decline in the scale
population, vwhich occurred duritig November, cannot be attributed entirely

to weather conditions for there was no adverse weather. However, the
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influence of heavy driving rains during December, January, and March
undoubtedly had some suppressive effects on the scale population.

Laboratory studies showed that crawlers subjected to 100% relative
humidity soon died from drowning. It is, therefore, likely that non-
sessile immature scales could easily be killed during periods of high
precipitation. Wolcott and Sein (1933) reported that practically all
the scales were destroyed by a hurricane in Puerto Rico.

No epizootic diseases were observed during the field studies.
However, Gossard (1901) reported that a fungus, Spicaria javanica
Bally, destroyed more I. purchasi than any other agent in Florida in
1899, Wolcott end Sein (1933) also reported good control during wet
months with the same fungus in Puerto Rico.

Parasitization of susceptlble sessile scales of I. purchasi by C.
iceryae occurred throughout the year. A higher percentage of scales
was parasitized during periods of low popuiation density than in
periods when the scale population was high, R. cardinalis was not
present in the samples during periods of low scale population when the
percentage parasitization was high., Since R. cardinalis feeds on all
stages of the scales, it probably does not discriminate between parasi-
tized and non-parasitized scales. This could be a reason for the
apparent lower percentage parasitization during high scale abundance,
Thorpe (1930) reported that the average percentage parasitization of I.
purchasi amounted to about 60% in northern California., He also siated
that in southern California the average was certainly a good deal lower,
perhaps due to the activity of R, cardinalis., This percentage of

parasitized scales reported by Thorpe in California was considerably
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higher than the 8.2 to 15.3% found in Desmodium fields during this study.
However, the data obtained in the absence of R. cardinalis was 50 to 66%
which compared favorably to those reported by Thorpe (1930). However,
since the number of scales was so sparse during this period additional
data would be desirable.

There wds a leg between the peak of predator and prey populations
which occurred during October and November. R. cardinalis was present
in the Desmodium fields during July and August, dropping to zero in the
samples during September, after which an increase in the population of
R. cardinalis occurred which suppressed the population of I. purchasi.
The reasons for R. cardinalis not suppressing the population prior to
November are not known. However, it appeared to be related to the low
gravid scale population, Eggs of R. cardipalis are only lald on the
gravid females; lack of which may be one factor in retarding the build
up of R. cardinalis populations in September. Another factor to be con-
sidered is the competiveness of C. iceryae for hosts. It takes about
30 days for R. cardinalis to complete its life cycle in the laboratory;
under field conditions it may be slightly shorter. By assuming the
duration of life cycle in the field to be approximately 30 days, it
would take at least two generations of R. cardinalis before sufficient
numbers were present to suppress the population of I. purchasi.

Although evidence indicated that R. cardinalis brought the popu-
lations of I. purchasi under control in Desmodium fields, it did not
do so until I, purchasi had caused damage to the plants. The control
of I. purchasi by R. cardinalis during this study was similar to obser-
vations of control reported by Quayle (1916) in California, Wolcott and



Sein (1933) in Puerto Rico and others,
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SUMMARY

Icerya purchasi Maskell is widely distributed throughout the

tropical and semitropical regions of the world, In Hawaii I. purchasi
is present on the islands of Hawaii, Kauai, Maui, Molokai and Oahu from
sea level up to an elevation of 400 meters. It infests about 51 host
plant species of which 26 were new host plant species found during this
study. It was found abundantly on perennial plants such as Citrus,
Casuarina, and Desmodium,

Life history studies were conducted under semi-laboratory conditions

on potted Desmodium sandwicense E. Mey. covered with organdy cages. The

average duration of the different stages was: egg stage, 15.4 + .76
days; crawler period of the first instar, 4 to 5 days; sessile period of
the first instar, 12.3 + 1,16 days; second instar, 9.9 + .82 days; third
instar, 9.8 + 1.52 days; preovipositional period, 8.2 + 2,04 days; and
the ovipositional period, 39.1 + 8,32 days. The developmental period
from egg to adult was about 60 days, and the mean longevity from egg to
death was about 99 days. The average fecundity per adult female during
her life span was 678.6 eggs.

Behavioral studies showed that the setiling rates Jf L and 5 day
old crawlerc ware significantly higher than those of other ages.
Orientation of the immatures and adults of I. purchasi on leaves and
stems of Desmodium plants was not in a 1:1 ratio and, therefore, they

are not oriented at random.

Distribution studies of I. purchasi on Desmodium plants in the
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field showed that 59% of the scales settled on the leaves and 41% on
the stems. The first instar nymphs settled predominantly on the leaves
near the top of the plant. The second instar occurred in about equal
numbers on stems and leaves of the whole plant. However, higher numbers
settled on the leaves near the top, and on the stems near the base of
the plant. The third instar and adult scales settled predominantly on
the stems near the base of the plant.

Studies on the life cycle of Rodolia cardinalis (Mulsant), a preda-

tor of I. purchasi, showed that the average duration of the stages was:
egg to adult, 25 days; egg stage, 4.50 + .38 days; first larval instar,
3.88 + .52 days; second larval instar, 3.64 + .77 days; third larval
instar, 2.75 + .46 days; fourth larval instar (including pre-pupal stage),
5.64 + .37 days; pupal stage, 4.63 + .84 days.

Cryptochaetum iceryae (Williston), a parasite of I. purchasi, has

become established on the island of Oahu. However, it has not been found
on any of the neighbor islands,

The seasonal abundance of I, purchasi was studied during June, 1967
to July, 1968. The population was high during July through November,
1967 and low during December, 1967 through June, 1968,

Scale mortality in the field decreased as the scales reached
maturity. The highest mortality occurred in the crawvler-egg stage.
Mortality based on cumulative totals for the different stages was:
egg-cravler stage, 95-97%; sessile first instar, 50-54%, second instar,
L-373.

Cravwler mortality in various relative humidities showed that in

general the mortality rate was significantly higher in low humidities
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than for those in high humidities.

The suppressive abilities of the predator, R. cardinslis, and the
parasite, C. iceryas, on field populations of I. purchasi were studied.
No parasitization of the first instar of I. purchasi was found. The
per cent parasitization of the susceptible stages in Desmodium fields
was: second instar, 3.5 - 5.2%; third instar, 10 - 18.5%, and adults,
14.8 - 25.2%. There was a lag between the peaks of the predator and
prey populations which occurred during October and November. The sharp

decline in the scale populations during October and November was pri-

marily due to predation.
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