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Douglas-fir, Pseudotsuga menziesii and white alder,

Alnus rhombifolia, species that are prevalent in the

Pacific Northwest, were fed to larvae of the gypsy moth,

Lymantria dispar L. Gypsy moth larvae from different

familial lines (egg masses) from a single geographic

population were evaluated on these hosts. The larvae

were fed leaves from the two tree species characterized

by different foliar levels of either nitrogen, moisture,

phenols, or terpenes.

Of the two tree species evaluated as hosts of the

gypsy moth, white alder appeared to be a highly suitable

host, whereas Douglas-fir was a sub-optimal host.

Nitrogen and the allelochemics in the foliage

affected larval development. On white alder, foliage

from trees that had the higher phenolic levels resulted

in increased larval survival and higher fecundity. On

Douglas-fir, foliage high in nitrogen had lower phenolics



and this resulted in increased larval survival and

heavier pupae when compared to foliage with low nitrogen

and high phenols.

Performance of the gypsy moth on these hosts was

affected by unknown intrinsic variation among familial

lines. Larval survival and duration varied more than

other developmental variables among larval familial

lines. The variation in larval survival among familial

lines was more pronounced in larvae fed Douglas-fir than

those fed white alder. A developmental index involving

developmental rate and pupal weight differed more for

females among familial lines than for males, suggesting a

differential sex response.

Experiments, manipulating foliar nitrogen, terpenes

and phenols of Douglas-fir were conducted to assess the

effects on the development of gypsy moth larvae. Foliar

chemicals were manipulated by fertilizing three-year old

potted trees with two levels of nitrogen (0 ppm and 200

ppm). Gypsy moth pupal weights were significantly

greater at the higher foliar N level (1.69%) than at the

lower foliar N level (0.40%). The pupal weights were

positively correlated with foliar nitrogen, negatively

correlated with foliar phenols, and showed no correlation

with foliar terpenes. The number of days to pupation and

the number of days from pupation to adult emergence were

not significantly different between treatments.

The effects of terpenes and phenols on larval



development of the gypsy moth were studied using

artificial diet. The influence of dietary nitrogen on

the response of the gypsy moth to the Douglas-fir

allelochemics was also studied. The effects were assayed

using neonate and later (third and fourth) instar larvae

of the gypsy moth. The terpenes in Douglas-fir foliar

extracts had little effect on neonate fitness indices.

The phenols, however suppressed larval growth and

survival. When terpenes and phenols were combined,

larval growth and survival was suppressed suggesting a

synergistic effect. This synergism depended on levels of

dietary nitrogen. Higher levels of dietary nitrogen

alleviated the detrimental effects of Douglas-fir plant

extracts on neonate and third instar larvae. However,

fourth instars performed better on diets with lower

nitrogen (2.5 to 2.7% N) than on diets with higher

nitrogen (4.1 to 4.5% N) as demonstrated by higher growth

rates, consumption rates, higher assimilation

efficiencies and higher efficiencies of conversion of

digested food.
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HOST SUITABILITY STUDIES OF DOUGLAS-FIR AND WHITE ALDER
TO THE GYPSY MOTH

I. INTRODUCTION

The gypsy moth is a highly polyphagous herbivore

capable of feeding on over 400 species of plants,

especially broadleafed angiosperms (Miller and Hanson

1989a). Since the accidental introduction of gypsy moth

into North America in 1868, it has become a notorious

pest, primarily of oak dominated deciduous woodlands in

the Eastern United States (Forbush and Fernald 1896;

Mosher 1915). Since 1980, the gypsy moth has been

detected in isolated areas in Oregon, Washington, and

California. Several infestations in Oregon have been in

mixed oak-Douglas-fir stands.

Oak species are among the gypsy moth's most

preferred hosts (Mosher 1915, Hough and Pimentel 1978)).

Conifers are generally avoided by the gypsy moth;

however, later instars do feed on several pine species.

Studies have shown that larvae switching from a broadleaf

to a pine host have higher adult fecundity (Barbosa et

al. 1983; Rossiter 1987). Recent studies (Daterman et

al. 1986; Miller and Hanson 1989b) to evaluate the

suitability of hosts, especially conifers common to the

Pacific Northwest, have shown that several of these

conifers are suitable hosts for the gypsy moth.
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Douglas-fir, one of the dominant conifers in this region,

was shown to support the growth and development of the

gypsy moth from the first instars. Field observations of

infested sites in Oregon in 1984 showed visible

defoliation of Douglas-fir (Daterman et al. 1986).

Douglas-fir, is an acceptable host of the gypsy moth

as indicated by its ability to survive and develop

successfully on Douglas-fir. However, compared to its

preferred hosts, such as oak, its performance is

relatively poor on Douglas-fir (Hough and Pimentel 1978).

Thus, the question was, whether this polyphagous

herbivore has the potential to adapt to Douglas-fir?

Furthermore, the forests of the Northwest have a

prevalence of several alder species which have been shown

to be moderately to very suitable hosts of the gypsy

moth, making these forests potentially vulnerable to this

catholic herbivore (Miller and Hanson 1989).

The suitability of any given host to a herbivore is

determined by both nutritional and non-nutritional

factors (Feeny 1976; Scriber 1984; Scriber and Slansky

1981). In addition, suitability of a host plant may be

influenced by differences among individual familial lines

(Leonard 1966). Douglas-fir and white alder are novel

hosts of the gypsy moth and represent two chemically

distinct diets of the gypsy moth. Thus, these hosts

provided an unique opportunity to study the response of a

polyphagous herbivore to novel hosts.
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The objectives of my research were to, 1) determine

the comparitive suitability of Douglas-fir and white

alder to the gypsy moth, 2) study the effect of naturally

varying levels of foliar nitrogen and allelochemics of

Douglas-fir and white alder on gypsy moth performance, 3)

compare gypsy moth performance among familial lines (egg

masses), and 4) study the influence of Douglas-fir foliar

components, such as nitrogen and allelochemics on gypsy

moth performance.
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II. Effect of Novel Host Plants and Larval Familial Lines

on the Development of the Gypsy Moth (Lymantria dispar

L.)

ABSTRACT

Douglas-fir and white alder, which are prevalent in

the Pacific Northwest and novel hosts to the gypsy moth,

were fed to larvae from different familial lines (egg

masses) from a single geographic population. The larvae

were fed foliage from Douglas-fir or white alder that had

different levels of foliar nitrogen, moisture, phenols,

or terpenes. Of the two tree species evaluated as hosts

of the gypsy moth, white alder appeared to be a highly

suitable host, whereas Douglas-fir was a sub-optimal

host. Nitrogen and the allelochemics in the foliage

affected larval development. On white alder, foliage

from trees that had the higher phenolic levels resulted

in increased larval survival and higher adult fecundity.

On Douglas-fir, foliage high in nitrogen had lower levels

of phenols, and this resulted in increased larval

survival and heavier pupae when compared to foliage that

had low nitrogen and high phenolics. Female pupal

weights on Douglas-fir did not show the typical linear

relationship with number of eggs laid. Performance of

the gypsy moth on these hosts was affected by unknown

intrinsic variation among familial lines. Larval

survival and duration varied more among familial lines
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than did other larval developmental variables. The

variation in larval survival among familial lines was

more pronounced in larvae fed Douglas-fir than white

alder. A developmental index involving developmental

rate and pupal weight differed more for females among

familial lines than males, suggesting a differential sex

response.
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INTRODUCTION

The gypsy moth, Lymantria dispar (L.), is a highly

polyphagous folivore capable of feeding on over 400

species of plants (Miller and Hanson 1989b). Its diet

ranges from herbaceous, broadleafed angiosperms to

coniferous gymnosperms (Forbush and Fernald 1896; Miller

and Hanson 1989b; Mosher 1915). Conifers in general are

not particularly preferred by the gypsy moth; however,

certain conifers are suitable for the growth and

development of the later instars of the gypsy moth

(Mosher 1915; Barbosa et al. 1983).

In a recent study (Miller and Hanson 1989a),

Douglas-fir a dominant and widely distributed conifer in

the Pacific Northwest was reported to be a suitable host

for neonate larvae of the gypsy moth. Field observations

of a gypsy moth infestation in a mixed oak-Douglas-fir

site in Lane county, Oregon in 1984 showed visible

defoliation of Douglas-fir (Daterman et al. 1986).

Although Douglas-fir is an acceptable host, it is not an

optimal host as indicated by the reduced pupal weights of

gypsy moth larvae fed Douglas-fir (Miller and Hanson

1989a) in comparison with those pupal weights obtained on

oak species, its preferred host (Hough and Pimentel

1978).

In this study I was interested in knowing whether
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there was any potential for this notorious generalist to

adapt to Douglas-fir. Furthermore, the forests of the

Northwest have a prevalence of several alder species

which are known to be moderately suitable to very

suitable as hosts of the gypsy moth, making these forests

potentially vulnerable to this highly catholic herbivore

(Daterman et al. 1986; Miller and Hanson 1989b).

The development of the gypsy moth is influenced by

numerous factors including: 1) the host species it feeds

on (Hough and Pimentel 1978; Barbosa et al. 1986), 2) the

constitutive and induced variation within a host species

(Rhoades 1983; Rossiter et al. 1988), 3) the variation

among and within geographic populations (Leonard 1966),

and 4) environmental variables. Since Leonard's study,

little research has been conducted to further our

understanding of what effect individual egg masses

(familial lines) might have on the development of the

gypsy moth. Variation among individuals along familial

lines within a geographic population may influence the

degree of suitability of a host to the gypsy moth,

especially when it encounters novel hosts.

Constitutive variation in foliar quality among and

within host species is an important determinant of host

suitability to herbivorous insects (Rhoades 1983; Scriber

1984). Leaf quality indices such as nitrogen, water

content, tannin content, phenols, terpenes, etc. have

been correlated with the growth and development of
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several herbivorous insects (Fox and Macauley 1977;

Lincoln et al. 1982; Mattson and Scriber 1987; Redak and

Cates 1984; Scriber and Slansky 1981). The gypsy moth is

capable of feeding on a large number of tannin-containing

woody angiosperms (Montgomery 1986). Gypsy moth avoids

feeding on plants containing alkaloids, but feeds on

plants containing a wide array of nonphenolic

allelochemicals including terpenes (Barbosa and Krischik

1987). Thus, studies were conducted to determine if leaf

quality of Douglas-fir or white alder influenced host

suitability to the gypsy moth.

Douglas-fir (Pseudotsuga menziesii [Mirb.] Franco),

a conifer and white alder (Alnus rhombifolia Nutt.), a

woody angiosperm were chosen because of their distinct

foliar allelochemicals. The objective of this research

was to quantify development of the gypsy moth as

influenced by 1) the two host species, 2) larvae obtained

from different familial lines, and 3) varying natural

levels of foliar chemicals.
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MATERIALS AND METHODS

The development of the gypsy moth was monitored

along familial lines (individual egg masses) fed foliage

from two host species, Douglas-fir and white alder, that

had different foliar qualities.

Gypsy moth. Egg masses were obtained from an oak

woodland in Maryland during the winter of 1988. The eggs

were shipped to our lab and stored at 4°C until May.

Eight large egg masses (containing ca. 737-981 eggs) were

selected for evaluation of larval performance on Douglas-

fir, and four of these eight were evaluated on white

alder. Large egg masses were selected to insure against

the selection of two egg masses from the same female.

An individual egg mass was considered a familial line.

The familial lines evaluated were from a single

geographic population.

Foliage. White alder foliage was collected from

three trees that were initially selected based on

differences in percent foliar nitrogen. Two of these

trees (tree type-A) had higher nitrogen levels than the

third (tree type-B). Douglas-fir foliage was collected

from five trees; two were ten year old fertilized trees

(tree type-A) that had high levels of foliar nitrogen,

and three trees were ten to fifteen years that had lower

levels of foliar nitrogen (tree type-B).
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Foliar analysis. Foliage was analysed for levels of

total nitrogen, total water content, total terpenes and

total phenols. The quantification of these foliar

variables indicated the relative food value of the

foliage to the gypsy moth larvae. Foliar analysis was

done once a week. Foliar analysis was carried out on

one-year old needles which were pooled from fresh field

collections made two to three times every week. Sub-

samples of needles used to feed the gypsy moth were used

for foliar analysis.

Nitrogen percent in white alder leaves and Douglas-

fir needles was determined using a modified procedure of

the micro-kjeldahl method as described in Technicon

Corporation Industrial Method No.334-74A (Anonymous

1975). The pump tube size was modified as follows: 1)

H2SO4/Nacl pump tube to the first mixing coil 1.20 mm id,

2) H2SO4/Nacl pump tube to the second mixing coil was

0.80 mm id, and 3) resample pump tube 0.32 id.

Moisture percent for freshly cut white alder foliage

was determined gravimetrically. For Douglas-fir, fresh

cut foliage that was immediately frozen for terpene

analysis was used to determine moisture percentage

gravimetrically.

Total terpenes in Douglas-fir were determined from

one-year old needles. Needles were carefully detached

from branches and immediately sealed in a double plastic

bag and frozen until analysed. Samples were warmed to
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room temperature just prior to analysis. A subsample of

foliage was withdrawn from the bags and ground with a

mortar and pestle in liquid N2. Ground tissue was

transferred to a capped scintillation vial, and a 0.5 g

sub-sample was used for terpene extraction and moisture

determination (triplicate samples at 105°C over night).

Samples were extracted with 1 ml MeOH:H20 (1:1) and 2 ml

of pentane containing fenchone as an internal standard

(Brooks et al. 1987). Samples were placed on a shaker

for 60 min, then centrifuged 3-4 min. The pentane

supernatant containing the terpenes was removed and

stored in the freezer.

Chromatography to determine the terpenes was

accomplished with a Hewlett Packard 5890 gas

chromatograph (FID), equipped with a Supelco Wax 10 fused

silica capillary column (30 mm X 0.32 mm id). Terpenes

were determined using a 1:50 split in helium carrier gas

with injector and detector temperatures set at 250°C.

Oven temperature was programmed from 60°C to 220°C at

50/min. and held at 220°C for 15 min. Peak areas were

obtained with a Hewlett Packard 3390 integrator.

Terpenes were identified using GC/mass spectrometry and

peak enrichment with terpene standards. The GC/MS was a

Finnigan 4023 with a 4500 source set at 140°C, 70 ev

using the same capillary column described above.

Quantities of individual terpenes were determined using

separate response factors for hydrocarbons,
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monooxygenated and dioxygenated compounds as measured

with standards relative to fenchone.

Fresh frozen Douglas-fir needles were dried at 60°C

for 24 h for total phenol determination. White alder

tissues, which had been air-dried after collection and

stored in plastic bags at room temperature, were oven

dried for 24 h at 60°C. After grinding to 40 mesh,

tissues were redried overnight and weighed (100 mg) for

analysis. Phenols were extracted with MeOH:H20 (7:3), 8

ml for Douglas-fir and 10 ml for white alder, on a shaker

for 1 h. After centrifuging 5 min, an aliquot of extract

(50 ul Douglas-fir, 40 ul alder) was analyzed (Julkunin-

Tiitto 1985). A 2 ml extract solution was prepared by

adding the appropriate volume of distilled water.

Samples were prepared by adding 1 ml of Folin-Ciocalteu

phenol reagent, vortex mixing, 5 ml of 20% Na2CO3, 2 ml

of water, and a final mix. After 20 min, percent

transmittance was measured at 700 nm with a Bausch & Lomb

Spectronic 21 set to zero with distilled water. A

standard curve was prepared with catechin containing a

Me0H concentration equivalent to the samples.

Experimental procedure. Laboratory feeding trials

were conducted at 24°C, 45 to 50% RH, and 16:8 (L:D) to

coincide with field eclosion of gypsy moth in western

Oregon. Field testing of foliage was not possible

because of quarantine regulations in Oregon. Larvae were

reared on fresh field collected foliage. Foliage was
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replaced every 2 days for early instars and daily for

later instars.

For each of the four familial lines on white alder,

42 larvae were randomly selected on eclosion and placed

into 145 ml cups, three larvae per cup. For each of the

eight familial lines on Douglas-fir, 80 larvae were

randomly selected on eclosion and placed into 145 ml

cups, ten larvae per cup for the first three instars and

3 larvae per cup for the remaining instars.

Larvae were observed every three days to determine

percent survival. Pupal weights were measured 48 h after

pupation. In addition, days to pupation and pupal period

were measured. These development parameters were used to

determine the relative performance of the gypsy moth on

its host diet and to evaluate the familial lines. A

development sensitive index which incorporated the larval

period and pupal weights was calculated using the

development parameters measured. Shorter larval periods

and higher pupal weights are known to improve the fitness

of herbivores (Rhoades 1983). The incorporation of

larval development and pupal weight into a single measure

provided a reliable development index of performance than

either development parameter alone. The index was

calculated using the formula:

PW

DI = x 100

LP
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Where DI = Developmental index, PW = Pupal weight,

LP = Larval period.

Adults from the same host were mated and the egg

masses were collected and stored in a cold room at 4°C.

The following spring (1989), these egg masses were de-

haired to facilitate easy counting. Thirty-two egg

masses from females reared on white alder and 14 egg

masses from females reared on DF were individually

counted to determine fecundity.

Statistical analysis. The gypsy moth development

parameters except percent survival, were analysed using a

standard ANOVA. Multiple comparisons between means were

computed using standard LSD. Differences between mean

percent survival were computed using the Z-test for

weighted proportions (Devore and Peck 1986). To

determine differences between slopes of regression lines,

a standard t-test was used.
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RESULTS AND DISCUSSION

Effect of Host species on Development. The relative

performance of the gypsy moth, determined by percent

survival, mean pupal weight and mean larval period, was

higher on white alder than Douglas-fir (Table I.1).

Differences in foliar chemistry which largely determines

the food value of plants to herbivorous insects may

explain the observed differences in gypsy moth

performance.

White alder foliage differed from Douglas-fir

foliage in having higher total nitrogen levels (30-50

percent more)(Figs. 1 and 2) and no volatile terpenes.

Monoterpenes are volatile terpenes and account for much

of the odor of Douglas-fir and function as defense

compounds (Mabry and Gill 1979; Redak and Cates 1984).

Monoterpenes constitute 80-90 % of the total terpenes in

Douglas-fir (unpublished data). The higher quantities of

phenols in white alder, 15-20% of the dry weight of the

leaves compared to Douglas-fir with 4-5% by dry weight

did not appear to affect the performance of gypsy moth.

The tannin component of Douglas-fir phenols is dominated

by condensed tannins (Stafford and Lester 1981).

Condensed tannins are known to be detrimental in a dose

dependent manner to several species of herbivorous

insects (Bernays 1981). This may partially explain the
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lower fitness of gypsy moth on Douglas-fir. Although

leaf toughness was not measured for the two species, this

physical quality may have a cumulative effect, resulting

in lowered fitness on Douglas-fir.

Mean survival on field collected Douglas-fir foliage

was 8% whereas larval survival on white alder was 86%

(Table I.1). However, survival over the familial lines

ranged from 70-98% on white alder and from 0-26% for

Douglas-fir (Fig 1.3). First instar mortality accounted

for over 90% of the total mortality on Douglas-fir.

First instar larvae on Douglas-fir were observed either

to starve to death (in the absence of any faeces) or

adhere to the sides of the container from a resinous

faecal pellet. Mortality may have been due to leaf

toughness resulting in the physical inability of larvae

to feed or mortality may have been due to the toxic

effect of the secondary chemicals (allelochemics). Leaf

toughness has been implicated as a host suitability

determinant for several insect herbivores including the

gypsy moth (Feeny 1970; Hough and Pimentel 1978;

Lechowicz 1983; Ohmart et al. 1985).

The Developmental index (DI) for both males and

females reared on white alder was twice that of those

reared on Douglas-fir. Pupal weights on white alder were

nearly twice the pupal weights of larvae fed Douglas-fir.

The pupal weights of larvae fed white alder are

comparable to the weights of larvae fed red oak (Barbosa
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and Greenblatt 1979). Pupal weights and overall survival

on Douglas-fir is lower than that reported by Miller and

Hanson (1989a). It is possible that differences in tree

foliar quality and the source of gypsy moth population

may explain some of the variation. The occurrence of

variation among individual trees is not uncommon (Schultz

1983; Zavarin 1975). Miller and Hanson (1989) reared

larvae collected from Oregon on foliage collected from

trees that were different from our source trees in

relation to age and location. In addition, we

deliberately selected trees that had naturally occurring

high or low foliar nitrogen.

The larval period of the gypsy moth larvae was 30%

shorter on white alder than on Douglas-fir (Table I.1).

However, the larval period of the gypsy moth fed Douglas-

fir was comparable to that of the gypsy moth fed oak (54

days for females, 45 days for males)(Barbosa and

Greenblatt 1979). Pupal periods were relatively

unaffected by the host species suggesting that the pupal

period was not influenced by nutritional differences

during larval development.

Fecundity (measured by the number of eggs produced)

showed a significant linear correlation with pupal

weights for females reared on white alder (Fig. 4). Such

a relationship has been shown for the gypsy moth and

several of its host species (Hough and Pimentel 1978).

Female pupal weights did not show a similar linear
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relationship with fecundity for larvae reared on

Douglas-fir (Fig.4). This may be due in part to the

relative sub-optimality of Douglas-fir as a host, the

variance in pupal weights over a smaller range, and

variance among familial lines. The mean fecundity for

females reared on white alder was 547±26 eggs and 351±22

eggs for females reared on Douglas-fir. Gypsy moth eggs

obtained from larvae fed either foliage types appeared to

be fertile as developing embryos were observed under a

dissecting microscope.

Effect of white alder foliage quality on

Development. The developmental variables that reflect

relative fitness of the gypsy moth fed foliage from

different trees indicated that larvae fed on tree type-B

were relatively more fit than those fed tree type-A

(Table I.1). Interestingly, higher levels of phenols,

the major group of secondary compounds in white alder,

were correlated with higher larval performance. The

foliar quality of tree type-A differed from tree type-B

only in the measured levels of total phenols (Fig I.1).

Tree-B showed consistently higher levels of phenols over

most of the season than tree type-A. Tannins, the

protein-binding constituent of plant phenols, showed a

seasonal pattern similar to the phenols (unpublished

data). Nitrogen and moisture levels did not vary between

the two tree types, although foliar nitrogen and moisture

showed a gradual decline over the season.
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Survival of gypsy moth larvae was lower on tree

type-B than on tree type-A. However, final pupal weights

of gypsy moth on tree type-B were higher than on tree

type-A.

Gypsy moth larvae fed foliage from tree type-A

showed a lower Developmental index (DI) larvae fed

foliage from tree type-B (Table I.1). Mean larval

periods showed no difference between trees indicating

that differences in either ingestion rates or feeding

efficiencies may account for the significant difference

in pupal weights. Sexes differed in their response to

the individual trees as indicated by a larger difference

between the DI for females than for males (Table I.1). It

is possible that this sex difference may be due to

differential nutritional requirements of the sexes.

Redak and Cates (1984) reported the differential response

of males and females of the spruce budworm to host

quality variables of Douglas-fir.

Surprisingly, the larger pupal weights were

associated with the trees with higher phenolic levels.

There may be a threshold level of phenols for the gypsy

moth, above which the phenols become detrimental by

binding protein and making it unavailable. Below the

threshold, leaf phenols, primarily the tannins which are

known phago-stimulants of the gypsy moth (Gornitz 1954),

may possibly increase the quantity of foliage ingested

resulting in heavier pupae. Certain herbivorous insect
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species show no effects if tannin concentrations are less

than 10% (Bernays 1981). Although oak leaf phenols have

been shown to be negatively correlated with gypsy moth

pupal mass (Rossiter et al. 1988), it is not known

whether there is a threshold phenolic level above which

there is this negative relationship and below which the

effect is either neutral or stimulatory.

Effect of Douglas-fir foliage quality on

development. On Douglas-fir the gypsy moth showed higher

fitness on tree type-A than on tree type-B as indicated

by higher mean survival and pupal weights. Tree type-A,

which was grown under fertilized conditions, showed

higher seasonal levels of foliar nitrogen and moisture

than tree type-B (Fig 1.2). The seasonal pattern in

levels of leaf phenols was lower on tree type-A than on

tree type-B. The terpenes, however did not show any

marked difference in seasonal profiles between the two

tree types (Fig 1.2). Type-B trees were from a dense

shaded site. The low foliar nitrogen levels indicated

they were both shade and nutrient stressed. The high

level of phenols in these stressed trees (Fig. 2),

suggests that these trees were allocating their limited

resources to the production of phenols.

In contrast, terpene levels appeared to be

unperturbed by differences in age or site. The quantity

and composition of terpenes are under tight genetic

control (Zavarin 1975). Rhoades (1979) proposed that
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plants generally possess two or more defensive chemical

systems of differing cost. Under physical stress, plants

compensate by decreasing their commitment to costly

defenses but increase their commitment to less costly but

less effective defenses. The observations on the foliage

of Douglas-fir are consistent with this hypothesis. High

nitrogen levels are associated with low phenolic levels

and vice-versa. This negative relationship between

foliar nitrogen and phenols in Douglas-fir is similar to

the results reported by Lincoln et al. (1982) for

chaparral shrub and several other species (Perry,

personal comm.).

Sustained stressful conditions under which tree

type-B were growing resulted in lower foliar nitrogen and

moisture and higher phenolic levels. The decreased

fitness of the gypsy moth fed tree type-B suggests that

these trees may be better defended or simply less

nutritious in spite of a lower resource base. In

contrast, trees of tree type-A that were fertilized had

higher foliar nitrogen, lower phenols and generally

higher moisture levels and produced more fit larvae.

These results support the hypothesis proposed by Janzen

(1974), who argued that the value of tissues in plants

growing in nutrient-poor soils is higher than the tissue

of plants growing on nutrient-rich soils due to

replacement costs. From this, Janzen (1974) predicted

that plants grown on impoverished soils may contain
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greater concentrations of defensive secondary compounds

than plants growing on rich soils.

Pupal periods were unaffected by variation in foliar

quality, further supporting the hypothesis that they are

not influenced by larval nutrition. Larval periods did

not vary for the gypsy moth fed the different tree types.

It appears that the gypsy moth responded to variation in

foliar quality within a species by adjusting either its

ingestion rate or feeding efficiency but not its larval

duration to produce differing final pupal weights. Also,

the sexes responded differently as indicated by larger

differences in the DI for females.

Effect of the larval familial lines on development.

Variation among familial lines (egg masses) significantly

affected the performance of the gypsy moth on both white

alder (Table 1.2) and Douglas-fir (Table 1.3).

Generally, larval survival and duration varied more along

familial lines than did the other gypsy moth

developmental variables. The DI for familial line-I was

higher than all other familial lines on all the host

diets.

Survival rates between familial lines varied among

and within host species (Fig 1.3). Differences in

survival along familial lines were more pronounced for

larvae fed Douglas-fir than white alder.

Familial lines that performed well on white alder

did not necessarily do well on Douglas-fir. Familial
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line-I showed the highest developmental rate on white

alder (both tree types) and Douglas-fir (on tree type-A)

with a DI of 4 and 1.9 respectively. However, this

particular familial line had the lowest survival rate on

white alder and one of the lowest on Douglas-fir. Sexes

responded differently to variation among familial lines.

Males showed no differences for DI among familial lines

among the tree types.

Variation in gypsy moth development among familial

lines is influenced by genetic differences that affect

the dynamics of population performance. This intrinsic

versitality in addition to its ability to feed and

develop on novel hosts may be the raw material for

potential host range expansion. If this variation in

developmental traits for the gypsy moth among familial

lines is heritable, it is possible that in succesive

generations, populations in the Pacific Northwest may be

better adapted to use hosts that are not necessarily

preferred. It is not known if such variation along

familial lines is a result of host plant nutrition in the

previous generation. Although the egg masses used in

this experiment were from an oak woodland, there was no

available data on the previous history of the egg masses.

Leonard (1969) suggests that events in the previous

generation may influence the quality of individuals in

the next generation.

Developmental characteristics of the gypsy moth,
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such as number of instars (which affects the pupal

weights) and dipersal behaviour, have been correlated

with egg size (diameter) (Leonard 1969; Capinera and

Barbosa 1976). In turn previous generation larval diets

and population densities affect the size of eggs

(Capinera and Barbosa 1977). Thus, we were interested in

determining whether differences in egg size among the

familial lines could possibly explain the variation in

the observed developmental traits. There was a

significant difference in mean egg diameters (n=30)

between familial lines, however no correlations were

found with any of the developmental variables of the

gypsy moth fed the various host diets (unpublished data).

There was a negative correlation betwen egg size and

larval period, although not significant. The lack of

significance may be due to the small sample size. From

the available information, it is clear that further

research is needed to understand the extent and effect

this familial line variation has on population dynamics

and host expansion of phytophagous insects.

Most of the variation in pupal weight and larval

period, key indicators of relative performance are

attributed to differences in host species, followed by

differences in foliar quality with a significant

contribution from intrinsic differences among familial

lines (Table 1.4). Differential performance among

familial lines from a single population has been



25

demonstrated for gypsy moth on two novel hosts in the

Pacific Northwest. This within population variation of

gypsy moth combined with its ability to utilize

distinctly different hosts endows this insect with the

genetic and physiological potential to widen its host

range.
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Table I.1. Developmental parameters (mean ±se) for gypsy moth larvae fed
foliage from white alder and Douglas-fir.

Developmental
parameters

White alder Douglas-fir

Sex Tree type-A Tree type-B1 Tree type-A Tree type-B 2

1. %Survival3 91.9 d 81.9 c 16.3 b 6.5 a

2. Pupal F 1.251 c 1.405 d 0.875 b 0.649 a
weight(gms)4 ± 0.031 ± 0.027 ± 0.023 ± 0.033

3. Larval
period(days)

4. Pupal
period(days)

M 0.457 c 0.492 d 0.349 b 0.325 a
± 0.005 ± 0.007 ± 0.006 ± 0.007

F 37.8 a 36.6 a 50.2 b 51.1 b
± 0.4 ± 0.3 ± 0.6 ± 0.7

M 33.2 a 32.6 a 46.8 b 47.9 b
± 0.2 ± 0.3 ± 0.5 ± 0.6

F 11.0 b 11.1 b 10.3 a 10.2 a
± 0.1 ± 0.1 ± 0.1 ± 0.1

13.4 b 13.7 b 12.1 a 12.0 a
± 0.1 ± 0.1 ± 0.1 ± 0.2

5. 3.3 3.9 1.7 1.3
Index

M 1.4 1.5 0.7 0.7

1 The trees differed in their foliar phenolic content, (A<B).
2 The trees differed in their foliar nitrogen (A>B) and phenolic contents.

(A<B).
3 Differences between percentage survival was computed using a Z-test.
4 Fresh weights measured after two days.
5 Developmental Index = (pupal weight/larval period)*100
Within row means followed by the same letters are not significantly
different at P<0.05.(Standard LSD).



Table 1.2. Developmental parameters (mean ±se) of gypsy moth larvae from familial lines (egg masses)
reared on white alder from two different tree types.

Developmental
parameters

Sex

Tree type-A1
Familial lines

Tree type-B

I V VI VII I V VI VII

Pupal
weight(g)2 F 1.493 d 1.299 bc 1.245 ab 1.142 a 1.485 d 1.497 d 1.432 cd 1.375 cd

± 0.099 ± 0.053 ± 0.053 ± 0.067 ± 0.073 ± 0.069 ± 0.053 ± 0.055

M 0.480 bc 0.454 ab 0.456 ab 0.446 a 0.512 c 0.513 c 0.515 c 0.446 c
± 0.017 ± 0.010 ± 0.012 ± 0.011 ± 0.017 ± 0.010 ± 0.010 ± 0.010

Larval
period(days) F 37.3 bc 38.5 c 38.8 c 35.8 ab 36.0 ab 38.7 c 37.3 bc 35.5 a

± 1.9 ± 0.5 ± 0.6 ± 0.4 ± 0.6 ± 0.6 ± 0.7 ± 0.5

M 34.3 d 33.5 cd 34.3 d 31.9 ab 31.6 ab 32.5 bc 33.8 cd 31.3 a
± 0.7 ± 0.3 ± 0.6 ± 0.3 ± 0.5 ± 0.5 ± 0.9 ± 0.9

Pupal
period(days) F 11.2 bc 10.8 ab 11.3 c 10.9 ab 11.1 ab 11.3 bc 11.3 c 10.8 a

± 0.2 ± 0.1 ± 0.2 ± 0.2 ± 0.2 ± 0.2 ± 0.2 ± 0.1

M 14.1 c 13.3 ab 13.7 bc 13.0 a 13.8 bc 13.8 bc 14.2 c 12.8 a
± 0.3 ± 0.1 ± 0.1 ± 0.2 ± 0.3 ± 0.2 ± 0.3 ± 0.2

DeveloQmental
Index F 4.0 3.4 3.2 3.2 4.1 3.9 3.8 3.9

M 1.4 1.4 1.3 1.4 1.6 1.6 1.5 1.6

1 The trees differed in their phenolic content (A<B).
2 Fresh weight measured two days after pupation.
3 Developmental Index = (pupal weight/larval period)x100.
Within row means with the same letter(s) are not significantly different at p<0.05 (Standard LSD).



Table 1.3. Developmental parameters (mean ±se) of gypsy moth larvae from familial lines (egg masses)
reared on Douglas-fir from two different tree types.

Developmental
parameters

Sex

Tree type-A2
Familial linesl

Tree type-B2

I II III IV V VIII III IV

Pupal
weight(g)3 F 0.796 ab 0.843 b 0.828 b 0.954 b 0.835 b 0.954 b 0.608 a 0.783 ab

± 0.070 ± 0.034 ± 0.131 ± 0.101 ± 0.035 ± 0.041 ± 0.06 ± 0.08

M 0.312 a 0.350 ab 0.342 ab 0.369 b 0.345 ab 0.347 ab 0.313 a 0.316 a
± 0.015 ± 0.011 ± 0.005 ± 0.011 ± 0.027 ± 0.018 ± 0.009 ± 0.009

Larval
period(days) F 43.0 a 50.1 bc 50.3 bc 53.3 c 48.4 b 53.2 c 49.8 bc 52.3 c

± 1.3 ± 0.7 ± 1.5 ± 0.8 ± 0.9 ± 0.9 ± 0.9 ± 1.3

M 41.0 a 47.5 bc 45.6 b 47.7 bc 49.2 c 47.5 bc 48.0 bc 47.6 be
± 0.7 ± 1.3 ± 0.8 ± 0.8 ± 2.3 ± 1.0 ± 1.2 ± 0.7

Pupal
period(days) F 10.5 a 10.4 a 10.5 a 10.3 a 10.3 a 10.3 a 10.3 a 10.3 a

± 0.2 ± 0.2 ± 0.2 ± 0.2 ± 0.2 ± 0.2 ± 0.3 ± 0.3

M 12.0 a 12.3 a 12.2 a 12.0 a 12.0 a 12.0 a 12.3 a 12.1 a
± 0.3 ± 0.2 ± 0.1 ± 0.4 ± 0.3 ± 0.0 ± 0.3 ± 0.4

Developmental
Index 1.9 1.7 1.6 1.8 1.7 1.8 1.2 1.5

M 0.8 0.7 0.8 0.8 0.7 0.7 0.7 0.7

1 Familial lines that had at least three survivors up to emergence.
2 The trees differed in their foliar nitrogen (A>B) and phenolic content (A<B).
3 Fresh weights two days after pupation.
4 Developmental Index = (Pupal weight/Larval period)x100
Within row means followed by the same letters are not significantly different at p<0.05 (Standard LSD).



Table 1.4. F-ratios and p-values for main effects from three way-ANOVA for
gypsy moth developmental parameters. F = F-ratio, P = Level of
significance.

Source of
variation Sex df

Developmental parameters

Larval period Pupal period Pupal weight

P F P

Host speciesl M 1 633.7 0.001 81.4 0.001 145.4 0.001
F 1 279.6 0.001 31.5 0.001 114.2 0.001

Host quality2 M 1 3.7 0.054 2.1 0.147 18.6 0.001
F 1 6.8 0.001 2.0 0.162 14.4 0.001

Familial lines3 M 8 2.9 0.004 4.0 0.00 10.8 0.581
F 8 5.5 0.001 1.9 0.06 44.8 0.001

1 White alder and Douglas-fir.
2 Within both species trees selected differed qualitatively

(Fig 1.1 & 1.2).
3 Each familial line represented individuals from a single egg mass.
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III. Gypsy Moth Development on Douglas-fir: Influence of

Foliar Nitrogen, Terpenes and Phenols.

ABSTRACT

The influence of foliar nitrogen, terpenes and

phenols of Douglas-fir, Pseudotsuga menziesii, on the

development of gypsy moth larvae was studied. Foliar

chemicals were manipulated by fertilizing 3-year old

potted trees at two levels of nitrogen (0 ppm and 200

ppm). Foliar nitrogen was negatively correlated with

foliar phenols. Female gypsy moth pupal weights were

significantly greater when larvae were fed on foliage of

trees fertilized at the higher N level. The pupal

weights were positively correlated with levels of foliar

nitrogen and negatively correlated with amounts of foliar

phenolics but were not correlated with amounts of

terpenes. The number of days to pupation and the number

of days from pupation to emergence of adults were not

significantly different between treatments.
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INTRODUCTION

Nutritional, non-nutritional and physical

determinants of host suitability in phytophagous insects

have been elucidated for several host plant species

(Fraenkel 1959; Ehrlich and Raven 1964; Swain 1979; Feeny

1976; Fox and Macauley 1977; Scriber 1984; Scriber and

Slansky 1981). Mattson and Scriber (1987) have proposed a

model narrowing these determinants to two key plant

variables, nitrogen and water. They, further suggest

that reductionist studies designed to implicate a single

chemical as a causal factor in antibiosis/antixenosis

leave the real factors unresolved. However, the

interaction between foliar variables like nitrogen and

secondary chemicals and their effect on host suitability

to herbivores is complex and results are confusing (Cates

et al. 1987; Hare 1987; Lincoln et al. 1982; Redak and

Cates 1984)).

Douglas-fir, Pseudotsuga menziesii [Mirb.] Franco, a

native conifer of the Pacific northwest is not a

preferred host of the gypsy moth, Lymantria dispar L., a

highly polyphagous folivore (Forbush and Fernald 1896;

Mosher 1915; Lechowicz and Maufette 1986). Recent

studies have shown that Douglas-fir although not a

preferred host, may be a suitable host for the survival,

growth and reproduction of the gypsy moth (Miller and
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Hanson 1989a; Joseph et al. 1989a). Several of the oak

species are among the most preferred hosts of the gypsy

moth (Hough and Pimentel 1978; Mosher 1915). The foliar

chemistry of Douglas-fir is distinctly different from

that of oak. Douglas-fir has two major classes of

secondary compounds, terpenes (volatile) and phenols

(nonvolatile)(Redak and Cates 1984; Sakai et al. 1967;

Stafford and Lester 1981), while phenols dominate the

secondary chemistry of oaks (Feeny 1976).

My objective was to study what determines the

suitability of Douglas-fir foliage to a generalist

herbivore like the gypsy moth in terms of immature

developmental parameters. I was particularly interested

in 1) the interactions between foliar nitrogen and the

secondary chemicals and their effect on the development

of the larvae and, 2) determining to what degree each of

the allelochemicals influenced development.
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MATERIALS AND METHODS

Douglas-fir trees. Three year old Douglas-fir trees

were obtained from a local nursery in Oregon. The trees

were approximately 40-70 cms tall. Trees were planted in

individual pots with a partially sterile mixture of sand

and perilite (50:50). Each pot was leached repeatedly

with excess water to ensure that the potting mixture was

free of any available nitrogen. A nitrogen free (0 ppm,

level I) and nitrogen rich (200 ppm, level II) aqueous

fertilizer solution was prepared after a modification of

Johnson et al. (1957). Nitrogen was added in the form of

ammonium nitrate. Seedlings were maintained under

greenhouse conditions.

Twelve potted trees were randomly selected, six of

these were fertilized with the nitrogen free solution and

the other six were fertilized with the nitrogen rich

solution at the rate of 300 ml per pot (15x15 cms). The

solution was applied every week from April 21 to June 10,

1989. In addition, about 2.0 g of sucrose was placed

around each of the seedlings that were fertilized with

the nitrogen free solution; this was equivalent to about

1000 kg/ha. The sucrose provided a readily available

carbon substrate to soil microbes: their subsequent rapid

growth immobilizes much of the remaining nitrogen in

microbial biomass, creating a condition of nitrogen
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stress (Johnson and Edwards 1979). Applying sucrose

maximised the chances of obtaining a difference in the

foliar response to the two treatments. In mid-June, the

maturing new growth foliage was observed to have

responded to the fertilizer treatments by the appearance

of the foliage. Foliage at level I was chlorotic, short

and dense. Foliage at level II was dark green, long and

not as dense. The one year old and older needles which

did not appear to have responded to the treatments were

removed manually leaving only the new growth needles.

This was done to control the variation in the amount and

quality of foliage fed by the larvae.

Gypsy moth. Larvae were reared from egg masses

obtained from an oak woodland in Maryland in January

1988. Eggs were kept at 4°C until June and placed at

25°C for larval eclosion. Larvae were fed on current

years foliage of fertilized Douglas-fir trees. One

hundred and fifty larvae were placed into 145 ml cups, 10

larvae per cup for the first three instars and 3 larvae

per cup for the remaining instars. Randomly picked

freshly moulted sixth instar females were weighed and 3

or 4 larvae were placed on each potted tree.

A circular piece of cardboard with the same

circumference as the pot with a hole punched to fit the

diameter of the seedling was placed at the base of each

seedling. The cardboard collar was was used to collect

the faeces. Each of the seedlings was covered with a
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black mesh cage to prevent larvae from escaping. Since

60-80% of the foliage consumed during larval feeding is

accomplished by the last and penultimate instars (Leonard

1974), I measured the effect of fertilization levels on

larval development and fecundity using sixth instars. I

also wanted to minimize possible sources of variation due

to sexes and thus used only females.

Larval parameters measured were days to pupaton,

live pupal weight (weighed two days after pupation),

pupal period and average faecal dry weight. The

experiment was conducted in a quarantine room at 24°C,

45-50% RH, and 16:8 (L:D).

Foliar analysis. A small number of current year

needles required for the foliar analysis were collected

from each of the 12 seedlings before the larvae were

placed on them.

Percent nitrogen in the Douglas-fir needles was

determined using a modified procedure of the micro-

kjeldahl method as described in Technicon Corporation

Industrial Method No.334-74A (Anonymous, 1975). The pump

tube size was modified as follows: 1) H2SO4/Nacl pump

tube to the first mixing coil 1.20 mm id, 2) H2SO4/Nacl

pump tube to the second mixing coil was 0.80 mm id, and

3) resample pump tube 0.32 id.

The needles for terpene analysis were sealed in

a zip lock plastic bag, inside a second plastic bag and

frozen until used. Prior to analysis samples were taken
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from the freezer and warmed to room temperature inside

the bags. A subsample was withdrawn, frozen with liquid

N2, and ground with a mortar and pestle. Ground tissue

was transferred to a capped scintillation vial, then

0.05-0.1 g weighed for extraction and moisture

determination (duplicate samples at 105°C over night).

Extraction was accomplished with 1 ml MeOH:H20 (1:1) and

2 ml of pentane containing fenchone internal standard

(Brooks et al.1987). Samples were placed on a shaker for

60 min then centrifuged 3-4 min. The pentane supernatant

containing the terpenes was removed and stored in the

freezer.

Chromatography to determine the terpenes was

accomplished with a Hewlett Packard 5890 gas

chromatograph (FID), equipped with a Supelco Wax 10 fused

silica capillary column (30 mm X 0.32 mm id). Terpenes

were determined using a 1:50 split in helium carrier gas

with injector and detector temperatures set at 250°C.

Oven temperature was programmed from 60°C to 220°C at

50/min. and held at 220°C for 15 min. Peak areas were

obtained with a Hewlett Packard 3390 integrator.

Terpenes were identified using GC/mass spectrometry and

peak enrichment with terpene standards. The GC/MS was a

Finnigan 4023 with a 4500 source set at 140°C, 70 ev

using the same capillary column described above.

Quantities of individual terpenes were determined using

separate response factors for hydrocarbons,
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monooxygenated and dioxygenated compounds as measured

with standards relative to fenchone.

Phenols were analysed from samples of fresh frozen

needles dried at 60°C for 24 h. After grinding to 40

mesh, they were redried overnight and weighed (50 mg) for

analysis. Phenols were extracted with 4 ml of MeOH:H20

(7:3) on a shaker for 1 h. After centrifuging 5 min, an

aliquot of 50 ul of extract was analyzed (Julkunen-Tiitto

1985). A 2 ml extract solution was prepared by adding

the appropriate volume of water. samples were prepared

by adding 1 ml of Folin-Ciocalteu phenol reagent, vortex

mixing, 5 ml of 20% Na2CO3, 2 ml of water, and a final

mix. After 20 min, percent transmittance was measured at

700 nm with a Bausch & Lomb Spectronic 21 set to zero

with distilled water. A standard curve was prepared with

catechin containing a Me0H concentration equivalent to

the samples.

Subsamples of the needles were immediately weighed

and moisture percentage was determined gravimetrically

at 105°C overnight.

Statistical analysis. Differences between mean

developmental variables and mean foliar variables were

computed using a two sample t-test at a significance

level of 0.05. The developmental variables were

correlated with the foliar variables using multivariate

correlation analysis. Regression analysis among the

foliar variables was done using a multiplicative model.
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RESULTS

Seedling response to nitrogen fertilization. The

foliage responded to the fertilizer treatments as

demonstrated by the differences in the major foliar

chemical components (Table 11.1). Total foliar nitrogen

at the 200 ppm level was four times that of 0 ppm just

prior to placing the larvae on the foliage. Twenty-four

days after placing the larvae on the seedlings, and just

after they had pupated, the percent nitrogen at 0 ppm had

increased to 1.1% and at 200 ppm nitrogen had increased

to 1.85%. Terpene levels showed considerable variation

between seedlings within a treatment. Although the

amount of terpene was higher at 200 ppm than at 0 ppm it

was not statistically significant. At both levels, beta-

pinene was 38-44% of the total terpenes and alpha-pinene

was 10% of the total terpenes. Phenols at 0 ppm were

higher by 25% than at 200 ppm. Total moisture percent

was higher by only 1.5% at 200 ppm.

Foliar nitrogen was negatively correlated with

phenols (Fig 11.1) showing a significant non-linear

relationship. Nitrogen showed a positive correlation

with terpenes (correlation coefficient, r = 0.40).

Phenols and terpenes were negatively correlated

(r = -0.53). The ratio of phenols to terpenes was higher

at the nitrogen limiting condition (0 ppm) than at the
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non-limiting condition (200 ppm). Percent moisture

showed a negative correlation with phenols (r = -0.50).

The quantities of the various chemical consituents of

Douglas-fir needles appeared to be dynamically related to

one another.

Larval developmental variables. Of the four

parameters measured (days to pupation, fresh pupal

weight, pupal period and faecal weight), only fresh pupal

weight showed a significant difference between the two

treatments (Table 11.2). The pupal weights of larvae

reared on the seedlings at 200 ppm were over 22% heavier

than pupae at 0 ppm.

Correlations between mean developmental variables of

the gypsy moth larvae and the Douglas-fir foliar

constituents showed some rather interesting relationships

(Table 11.3). Larval period and pupal period were not

correlated with the foliar variables. Pupal weight was

significantly correlated with nitrogen, phenols and

moisture (p<0.05). Higher nitrogen and moisture levels

were associated with heavier pupae, but the opposite

relationship was evident with phenols. Faecal weight was

positively correlated with moisture percent.
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Table 11.1. Foliar characteristics of Douglas-fir
seedlings fertilized with two levels of nitrogen
(n = 6).

Foliar
Characteristics

Nitrogen Levels1

0 ppm 200 ppm

Total nitrogen 0.40±0.04 a 1.69±0.24 b
(% dry wt)

Total terpenes
(mg/g dry wt)

9.16±1.35 a 13.16±2.52 a

Total phenols
(mg/g dry wt)

22.41±0.63 b 16.82±0.39 a

Moisture 71.19±0.89 a 72.64±0.57 b
(% fresh wt)

1 Nitrogen in the form of ammonium nitrate was
applied at the two concentrations in a nutrient
solution modified after Johnson et al. (1957).

2 Within row means followed by the same letter
are not significantly different at p<0.05.
(Standard LSD)
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Fig 11.1. Total phenols vs total nitrogen of foliage
from Douglas-fir seedlings fertilized at two levels
of nitrogen (0 ppm and 200 ppm).
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Table 11.2. Developmental variables (mean ±se) of the gypsy
moth (sixth instar females) fed on foliage of Douglas-fir
seedlings fertilized at two levels of nitrogen.

Developmevtal
variables-J.

Nitrogen Levels2

0 ppm 200 ppm

Larval period
(days)

48.4±0.6 a4 49.2±0.4 a

Pupal period
(days)

10.1±0.3 a 10.1±0.3 a

Pupal weight3
(mg)

513.1±24.8 a 666.0±4.6 b

Faecal weight
(mg)

130.0±7.3 a 136.7±12.8 a

1 At 0 ppm, n = 17 and at 200 ppm, n = 16 except for faecal
weight where it was 5 and 6 larvae, respectively.

2 Nitrogen was applied to three-year old potted seedlings as
ammonium nitrate at the rate of 200 ppm in a fertilizer
solution modified after Johnson et al. (1957).

3 Fresh weights measured two days after pupation.
4 Within row means followed by the same letter are not

significantly different at p<0.05.(Standard LSD)



Table 11.3. Correlation coefficients and significance levels for Douglas-fir
foliar chemicals vs gypsy moth developmental variables.

Gypsy moth developmental variables)

Larval period Pupal period Pupal weight Faecal weight

Foliar

Characteristics

Total nitrogen -0.21 NS 0.05 NS 0.50 <0.01 -0.11 NS

Total phenols 0.03 NS -0.005 NS -0.42 <0.05 -0.20 NS

Total terpenes -0.006 NS -0.04 NS -0.02 NS -0.03 NS

Moisture 0.19 NS -0.08 NS 0.38 <0.05 0.60 <0.05

1 These variables were measured for gypsy moth (sixth instar females) fed on
three-year old potted Douglas-fir seedlings fertilized at two levels of
nitrogen (0 and 200 ppm). NS = Not significant; r = Correlation coefficient;
p = Significance level.
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DISCUSSION

Nitrogen fertilization affected the levels of foliar

nitrogen and other foliar constituents. The nitrogen

stressed trees with higher leaf phenols combined with

lower leaf nitrogen and lower leaf moisture resulted in

lighter pupae. This is consistent with the results of an

earlier study (Joseph et al. 1989a), where we obtained

lower pupal weights of the gypsy moth when fed foliage

from Douglas-fir trees that had high phenols and low

foliar nitrogen levels. It appears from the results that

the nutritional quality of the Douglas-fir foliage to the

gypsy moth is determined, not by nitrogen alone, but by

phenols (a carbon-based secondary chemical) and nitrogen

and to a lesser extent by terpenes and moisture. Host

nutrition affected the performance of the gypsy moth by

feeding of just the last instar. Results suggested that

the terpenes in relation to the phenols played a minor

role in determining Douglas-fir host suitability.

The concentration of foliar nitrogen is considered

to be a major determinant of insect herbivore feeding and

nutrition (Mattson 1980; Scriber and Slansky 1981; Ohmart

et al. 1985). Scriber and Mattson (1987) proposed a

physiology efficiency model for insect growth performance

using only leaf nitrogen and moisture. They suggested

that many plant secondary products are correlated with
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these two primary nutrients. Hence, nitrogen and

moisture portray the entire chemical "gestalt" of a food

at any point in time. However the results of my study

and of previous investigations of the interactions

between leaf nitrogen and carbon-based chemical defences

suggest that both nitrogen and allelochemicals are

important factors in determining the nutritional quality

of plant tissue for herbivores (Lincoln et al. 1982;

Redak and Cates 1984; Lincoln 1985; and Mihaliak et al.

1987) .

My results are consistent with the plant

carbon/nutrient balance hypothesis proposed by Tuomi et

al. (1988) that carbon surplus accumulated above the

levels required for growth is allocated among different

carbon-based allelochemicals. My results suggest that

there may be a trade-off in the allocation of carbon

between terpenes and phenols. Under nitrogen limiting

conditions, I found that the seedlings selectively

allocated their excess carbon to higher levels of phenols

than terpenes. These carbon-based secondary metabolites

have been implicated in the resistance of plants to

herbivores (Lincoln et al. 1982; Swain 1979; and Mihaliak

et al. 1987). An increase in phenols under nutrient

limiting conditions is consistent with the findings of

Haukioja et al. (1985), and Larsson et al. (1986). In an

earlier study (Joseph et al. 1989a), I found that the

Douglas-fir trees from stressed sites had higher foliar
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phenols than trees that were fertilized.

The interactive effect of leaf nitrogen and phenols

on the performance of this generalist herbivore is

different from the response of a relatively specialized

herbivore like the spruce budworm (Redak and Cates 1984).

In their study trees with high foliar levels of specific

terpenes and nitrogen were associated with decreased

fitness of the budworm. However, it is possible that the

phenols and terpenes have an interactive effect at higher

levels of nitrogen. Thus, my results suggest that

nitrogen limited plants are defended both by low foliar

nitrogen levels and higher levels of phenols. Plants not

limited by nitrogen may be defended by both phenols and

terpenes, as the pupal weights obtained in my study were

less than half of those on oak, the preferred host.

This study emphasizes the need to study the effects

of the phenols and terpenes separately. It would be

interesting to know whether there is any interaction of

these two chemicals on gypsy moth development.
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IV. Gypsy Moth Nutritional Physiology: Effect of Dietary

Nitrogen and Douglas-fir Allelochemicals.

ABSTRACT

Carbon-based secondary chemicals, terpenes and

phenols in Douglas-fir influenced its suitability as a

host for the gypsy moth, a polyphagous herbivore. In

artificial diet, the terpene component of Douglas-fir

plant extracts appeared to have little effect on neonate

fitness indices. However, phenols suppressed larval

growth and survival. When terpenes and phenols were

added together, larval growth and survival was suppressed

suggesting a synergistic effect. Synergism depended on

levels of dietary nitrogen. Higher levels of dietary

nitrogen alleviated the detrimental effects of Douglas-

fir plant extracts on neonate and third instar larvae.

Fourth instars performed better on diets with lower

nitrogen (2.5-2.7% N) than on diets with higher nitrogen

(4.1-4.5% N) as demonstrated by higher growth rates,

consumption rates and higher AD's and ECD's. Larval

instars differed in their response to dietary nitrogen.

Levels of dietary nitrogen that may be limiting to

neonates were not limiting to fourth instars. Differing

abilities to ingest and process dietary nitrogen may

explain this differential response between instars.
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INTRODUCTION

Leaf nitrogen has been implicated as a key

nutritional factor in insect hebivore dietetics for a

wide range of plants and insects (White 1978; Mattson

1980; Scriber and Slansky 1981; Mattson and Scriber

1987). Leaf nitrogen varies quantitatively and

qualitatively within and between plant species (Mattson

1980). There is a seasonal and ontogenetic variation in

levels of foliar nitrogen (Mattson 1980). Insects

respond behaviourally and physiologically in several ways

to this quantitive variation (Slansky and Rodriguez

1987). Generally, insects respond to increased leaf

nitrogen levels by increasing their growth rates and

decreasing their feeding rates with increasing levels of

available nitrogen. At lower leaf nitrogen levels the

reverse is true (Tabashnik and Slansky 1987). The

suitability of a given plant to a herbivorous insect is

determined not only by nitrogen, but also by the presence

of plant secondary chemicals (Joseph et al. 1989a, b).

The diversity of effects of these secondary chemicals on

insects has been widely demonstrated (Fraenkel 1959;

Ehrlich and Raven 1964; Swain 1977; Feeny 1976; Tabashnik

and Slansky 1987). Therefore, the suitability of a plant

to an insect is determined by a balance between the

nutritional and non-nutritional factors. In this paper,
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I focus on two such factors, nitrogen (nutritional) and

carbon-based secondary chemicals (non-nutritional).

Predicting the food value of plants is a complex

task as it is controlled by the interaction between

variable plant nutrients and variable plant secondary

chemicals. Although the nutrient-allelochemic

interaction has been studied (Reese 1979), few

experiments have used controlled diets to test how

nutrient levels effect the toxicity of plant secondary

chemicals, and these suggest that more research is needed

in this area of insect dietetics. Lincoln (1982) working

with a lepidopteran herbivore found that high levels of

dietary nitrogen reduce the negative effects of leaf

resins. Johnson et al. (1985) found that the chrysomelid

Trirhabda diducta had constant growth regardless of the

levels of nitrogen or leaf resin. Duffey et al. (1986)

found that rutin and tomatine were most effective when

incorporated into high protein diets at reducing the

growth rates of Spodopteran exigua and Heliothis zea.

Hare (1987) reported that the effect of several

glycoalkaloids on Leptinotarsa decemlineata were offset

by high protein concentrations.

Douglas-fir has been reported to be a sub-optimal

host of the gypsy moth (Miller and Hanson 1989, Joseph et

al. 1989a). Joseph et al. (1989b), studying gypsy moth

on Douglas-fir, found that phenols were negatively

correlated with larval performance and terpenes did not
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show any significant correlation with development.

In this study, I report the effects of dietary

nitrogen and the carbon-based secondary compounds found

in Douglas-fir on the polyphagous herbivore, Lymantria

dispar L. In particular: (1) which of the secondary

chemicals in Douglas-fir, terpenes or phenols has a more

detrimental effect? (2) is there is an interactive effect

between terpenes and phenols (e.g., do they have a

synergistic effect)? (3) do dietary nitrogen levels

affect the toxicity of the Douglas-fir secondary

chemicals, phenols and terpenes? and, (4) is there a

particular developmental stage of the larvae that affects

its response to the above dietary factors?
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MATERIALS AND METHODS

Gypsy moth larvae. Egg masses were obtained from an

oak woodland in Maryland during the winter of 1988. The

eggs were shipped to our laboratory and stored at 11°C

until May. Several egg masses were randomly selected,

bulked, dehaired and surface disinfected with 10%

formaldehyde for 1 min. Eggs were warmed at 25°C to

hatch.

Diet. Standard gypsy moth diet (Bio-sery diet) was

modified as follows to make the experimental diets.

Douglas-fir extracts were incorporated into the

artificial diet at two levels of casein: level I, 5 g of

casein (low nitrogen) and level II, 25 g of casein (high

nitrogen). Level II is the recommended amount of casein

for the standard diet for rearing gypsy moth larvae (Bell

et al. 1981). Fresh diet was prepared to measure the

nutritional indices of the fourth instar larvae.

Douglas-fir extracts. Total terpenes and total

phenols were sequentially extracted from Douglas-fir

foliar tissue collected and stored at -4°C. Five hundred

grams of the tissue (air-dried) was ground with liquid

nitrogen (to preserve the volatiles) in a mortar and

pestle. The ground tissue was extracted with pentane

over-night and filtered through Whatman No.1 paper. This

process was repeated three times with the residue to
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ensure complete extraction of the terpenes. The combined

filtrates were concentrated under vacuum in a water bath

held at 40°C. The concentrated pentane solution was

steam distilled for 90 min and the distillate condensed

with cold water. Volatiles were extracted from the water

condensate with repeated pentane washings. The washes

were combined and concentrated and then stored at 4°C

until incorporated into the diet. To quantify the

terpenes, a 100 ul aliquot of the concentrated steam

distillate was diluted to 10 ml with pentane containing

fenchone internal standard. Components were quantified

by gas chromatography using conditions described

previously (Joseph et al. 1989a). The terpenes were

checked with a direct Douglas-fir extract and showed very

little difference qualitatively. The pentane extracted

tissue was further extracted with acetone:water (7:3) for

24 h to remove the phenols. This process was repeated

twice to ensure complete removal of the phenols. The

resulting supernatant containing the phenolic extract was

suction-filtered. The filtrate was concentrated and

stored at 4°C.

Diet preparation. Douglas-fir extracts were

incorporated into the diets containing the two levels of

casein. Diets were prepared in a water-bath at 50°C to

minimize the loss of volatiles. The terpene extract was

incorporated into the diet at the rate of 2.15 m1/100g of

diet which was comparable with the mean terpene content



57

(18 mg/g dry wt) found in Douglas-fir foliage (Joseph et

al. 1989a). The phenolic extract was dissolved in 15 ml

of water and incorporated into the diet at the rate of

2.15g/100g of diet which was comparable with the mean

total phenolic content (30mg/g dry wt) in Douglas-fir

foliage (Joseph et al. 1989a). These rates included an

additional 20% to compensate for the relatively higher

levels of moisture in diet (foliage = 55-60% moisture,

diet = 83.5% moisture). The terpenes and phenolic

extracts were added together at the above rates to study

their combined effect. To determine the amounts of

terpenes and phenols lost during preparation, diets were

analysed for the quantities of terpenes and phenols

present. It was found on analysis that 79.5% of the

total terpenes was recovered from the terpene diet, 74.4%

of the total terpenes and 16.5% of the phenols from the

terpene+phenolic diet and 21.1% of the phenols from the

phenolic diet. The reduction in the percent phenols

recovered may have been because the solvent

(acetone:water, 7:3) failed to extract the protein-bound

phenols (tannins)(Swain 1979) in the diet and is not

necessarily a reflection of the actual levels of phenols.

Two control diets were prepared, one with pentane

solvent at the rate of 2.15 ml /100g diet and the other

without pentane solvent as a standard control. In

addition comparisons were made with starved larvae and

larvae fed Douglas-fir foliage. The percent nitrogen in
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the experimental diets was determined using a modified

procedure of the micro-kjeldahl's method (Anonymous

1975). Nitrogen in the experimental diets ranged from

2.5 to 2.7% at the low level and 4.1 to 4.5% at the high

level. The variation in the percent nitrogen within

nitrogen levels was thought to be too low to

significantly affect the results. The observed variation

was probably due to plant extraction and subsequent diet

incorporation procedures. As variations in available

moisture have been reported to have multiple effects on

the nutritional physiology of larvae (Reese and Beck

1978; Scriber 1977), I determined the percent moisture of

the experimental diets. The variation in moisture was

very low, ranging from 83.5-84.1%.

Experimental protocol. Ninety larvae were

distributed 5 per cup (145 ml) in each of the

experimental diets. Diet was replaced every day for the

first 11 days and then every 2 days to completion of the

experiment. On the 11th day after eclosion, I determined

the number of surviving larvae, the number of larvae that

had moulted, and the fresh weights of groups of five

larvae. These data were again taken on the 20th day.

Before larvae moulted into the fourth instar, 30 to 50

larvae were randomly selected from each of the diets

(except the controls containing starved larvae and the

Douglas-fir foliage control, both of which had no

survivors). Larvae were fed their respective diets and
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were later used to measure the nutritional indices.

Newly moulted fourth instars were used in the feeding

experiments. Each larva was weighed, given a weighed

amount of diet, and placed individually in a 30 ml cup.

At the beginning of the experiment, at least 5 larvae per

experimental diet were oven dried at 70°C. The dry

weight of each larvae used in the experiment was

estimated by using the mean percent dry weight of the

sampled larvae. Dry weight gain was estimated by direct

measurement of the final biomass of each larvae minus the

dry weight estimate of larvae at the beginning of the

fourth instar. Every time a newly moulted fourth instar

was placed on the experimental diet, a sample of the same

diet was weighed and dried at 700C to calculate the

percentage dry matter at the beginning of the experiment.

The dry weight of food eaten was estimated by

substracting the dry weight of uneaten food from the

weight of food provided.

A sample of each experimental diet was taken to

estimate the total nitrogen. All the frass and exuviae

from the larvae on the different diets were collected and

the total nitrogen was determined using a modified

procedure of the micro-Kjeldahl method (Anonymous 1975).

The amount of nitrogen ingested and the amount of

nitrogen excreted were calculated.

Nutritional indices (based on dry wt) were

calculated using the following formulae (Waldbauer 1968).
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Average Growth Rate: AGR = Biomass gained (mg)/day;

Relative Growth Rate: RGR = Biomass gained (mg)/larval

biomass (mg)/day; Average Consumption Rate: ACR = Food

ingested (mg)/day; Relative Consumption Rate: RCR = Food

ingested (mg)/larval biomass (mg)/day; Approximate

Digestibility: AD (Assimilation Efficiency)

Food ingested (mg) - Faeces (mg)

x 100

Food ingested (mg)

ECD: Efficiency of Conversion of Digested Food

Biomass Gained (mg)

x 100

Food ingested (mg) - Faeces (mg)

ECI: Efficiency of Conversion of Ingested Food

Biomass gained (mg)

x 100

Food ingested (mg)

The nutritional indices could not be calculated for

larvae reared on the diets containing phenols and

terpene+phenols because there were no survivors. For all

the experiments, larvae were maintained in a growth

chamber under controlled conditions at 24°C, 45-50% RH,

and 16:8 (L:D).

Statistical analysis. Survivorship data were
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analyzed by the Z-test for weighted proportions (Devore

and Peck 1986). Other measurements were analysed using

standard ANOVA and difference between means were

determined by a standard LSD test.
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RESULTS

Eleven days after eclosion. Survival of the gypsy

moth eleven days after eggs hatched was not affected by

the nitrogen levels (Table 111.1). Total terpenes

affected survival more than total phenols. Phenols had

no effect on larval survival. However, when total

terpene+total phenols were combined there was a

synergistic effect on larval survival at both levels of

nitrogen (Table III.1). The neonates fed Douglas-fir

foliage did not survive after the eighth day and showed

very little evidence of feeding and little frass. The

larvae that were starved did not survive after the fifth

day. Considering all the diets, differences in survival

(81.2 to 98.9%) were not as pronounced as larval weights

(1.5-15.6 mg).

The weight of larvae on the eleventh day was

affected by nitrogen levels (Table III.1). On all

experimental diets, the higher nitrogen levels produced

larvae that were significantly heavier (p<0.05). Phenols

affected the weights more than terpenes contrary to the

effect phenols had on survival. Terpenes+phenols had a

synergistic effect on larval weights at the higher

nitrogen level and an additive effect at the lower

nitrogen level (Table III.1).

Developmental rate as indicated by the mean instar
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attained were affected by the nitrogen levels in diet

(Table 111.1). All the diets, except terpenes+phenols,

showed a faster rate of development on the high nitrogen

diet. Terpenes had no effect on the rate of development.

Larvae fed diet containing phenols and terpenes+phenols

had a slower rate of development with most of the larvae

remaining in the first instar.

Twenty days after eclosion. Larval survival was not

affected by nitrogen levels (Table 111.2) in all the

diets except diets containing terpenes+phenols. Larval

survival was lowest on diets containing terpenes+phenols

with low nitrogen. Larval survival was generally lower

for larvae feeding on all diets on the twentieth day than

on the eleventh day.

Larval weights (Table 111.2) for larvae fed control

and terpene diets were not affected by nitrogen levels in

contrast to the effects observed on the eleventh day.

However, larvae on the diets containing phenols and

terpenes+phenols with higher nitrogen levels were

significantly heavier than at the lower nitrogen level

(p<0.05). Terpenes had no effect on the larval weights

(Table 111.2). Diets containing phenols and diets

containing terpenes+phenols produced the smallest larvae.

The terpenes+phenols diet showed a synergistic effect on

larval weights compared to diets containing either

terpenes or phenols alone at the lower nitogen level, but

had an additive effect at the higher nitrogen level
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(Table 111.2).

Developmental rate was not affected by nitrogen

levels in all diets except those containing phenols and

terpenes+phenols. These two diets caused a decrease in

the larval developmental rates at the lower nitrogen

level. Generally, most of the larvae on control and

terpene diets were in the third instar after twenty days

whereas larvae on the diets containing phenols and

terpenes+phenols were in the first and second instars.

Fourth instar feeding experiment. Nitrogen levels

in the diet affected the growth rates of larvae on

control diets without terpenes. The difference in growth

rates was manifested as a reduction in both the

consumption rates (ACR and RCR)(Table 111.4) and

efficiencies of processing digested food (ECD)(Table

111.5). Larval weight gain and final weights also were

significantly lower at the lower nitrogen level in diet

without terpenes. Dietary nitrogen did not affect the

larval growth rates on diet containing terpenes.

However, for the terpene diet, the assimilation

efficiency (AD) at the low nitrogen level (24%) was

almost half that at the high nitrogen level (42%). The

ECD at the lower nitrogen level (73.8%) was twice that at

the high nitrogen level (38.1%). The biological activity

of terpenes appears to be determined by the levels of

nitrogen in the diet. Terpenes at the lower nitrogen

level decreased larval weight gain but had no effect at
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the higher nitrogen level (Table 111.3). However, the

RCR and AD of larvae fed terpene diets were higher than

the control diets at the high nitrogen level, whereas,

there was no significant difference at the lower nitrogen

level (p<0.05). ECD of the larvae was not affected by

levels of terpene in the diet, but by levels of nitrogen.

The ECI's were not affected by any of the treatments

(Table 111.5).



Table 111.1. Larval survival, larval weight and larval instar of
the gypsy moth fed three different Douglas-fir foliar extracts in artificial
diet at two levels of casein (nitrogen) eleven days after eclosion.

Diet Caseinl Surv-
level lying #/

starting

larval
survival

# (%)

larval weight
(mg fresh)
mean ±se

Larval
instar
mean ±se

Control L 89/90 98.9 c 2 10.5+1.2 e3 1.5+0.1 c3
H 85/90 94.5 bc 15.6±1.7 f 1.7±0.1 d

Pentane control L 88/90 97.8 c 8.5±1.3 de 1.4±0.1 bc
H 88/90 97.8 c 14.5±1.4 f 1.6±0.1 d

Total terpene L 85/90 94.5 bc 7.4±0.9 d 1.4±0.1 bc
extract H 84/90 93.4 b 15.0±1.4 f 1.7±0.1 d

Total phenol L 89/90 98.9 c 2.5+0.5 b 1.0±0.1 a
extract H 88/90 97.8 c 7.5±0.7 de 1.3±0.1 b

Total terpene + L 73/90 81.2 a 1.5±0.2 a 1.0±0.1 a
total phenol H 79/90 87.8 ab 3.8±0.4 c 1.1±0.1 a
extracts

1 L = Low casein (2.5-2.7% N) and H = High casein (4.1-4.5% N).
2 Within columns, percent survival followed by same letter(s) are not

significantly different at p<0.05 (z-test for weighted proportions)
3 Within column means followed by same letter(s) are not significantly
different at p<0.05 (Standard LSD).



Table 111.2. Larval survival, larval weight and larval instar of
the gypsy moth fed three different Douglas-fir foliar extracts in artificial
diet at two levels of casein (nitrogen) twenty days after eclosion.

Diet
Caseinl Surv- larval larval weight Larval
level iving #/ survival (mg fresh) instar

starting # (%) mean ±se mean ±se

Control L 45/50 90.0 e 2 49.7±3.8 e 3 3.2±0.1 e3

H 54/60 90.0 e 53.1±3.7 e 3.4±0.1 e

Pentane control L 52/55 94.6 e 44.0±4.0 de 3.1±0.1 de
H 51/55 92.7 e 46.9±2.6 de 3.2±0.1 de

Total terpene L 49/55 89.9 e 36.1±4.6 d 2.9±0.1 d
extract H 46/55 83.7 de 39.8±3.0 de 3.2±0.1 de

Total phenol L 36/50 72.0 d 9.8±2.4 b 1.8+0.1 b
extract H 33/50 69.1 c 21.1±2.7 c 2.6±0.1 c

Total terpene + L 6/40 15.0 a 3.4±0.6 a 1.0±0.0 a
total phenol H 25/50 50.0 b 11.4±2.0 b 1.9±0.2 b
extracts

1 L = Low casein (2.5-2.7% N) and H = High casein (4.1-4.5% N).
2 Within columns, percent survival followed by same letter(s) are not

significantly different at p<0.05 (z-test for weighted proportions)
3 Within column means followed by same letter(s) are not significantly
different at p<0.05 (Standard LSD).



Table 111.3. Total food consumed, total faeces, initial and final weights, total weight gained and
duration of fourth instars (means ±se) of the gypsy moth fed control diets and diet containing Douglas-fir
total terpene extract at two levels of casein (nitrogen).

Cas- Numb- Total Total
Diet ein ers of food Total Initial Final weight

level 1 larvae consumed faeces weight weight gained Duration
(n) (mg) (mg) (mg) (mg) (mg) (day)

Control L 18 75.2±6.2 d2 54.6±4.5 b 10.0±0.6 c 22.8±1.4 b 12.8±1.2 b 8.2±0.4 a
H 16 41.9±4.1 ab 26.6±2.5 a 8.2±0.3 b 14.4±1.2 a 6.2±1.2 a 9.3±0.6 a

Pentane control3 L 15 70.1±7.2 cd 49.5±4.3 b 8.7±0.7 bc 20.0±1.7 b 11.4±1.3 b 8.5±0.6 a
H 16 36.6±2.8 a 22.9±1.9 a 8.3±0.4 b 14.2±1.1 a 5.9±1.0 a 9.4±0.4 a

Total terpene L 16 57.9±7.7 bc 42.1±4.6 b 7.9±0.5 b 15.8±1.1 a 8.0±0.8 a 8.3±0.3 a
extract H 14 40.9±5.2 ab 23.6±3.3 a 6.2±0.4 a 12.6±1.4 a 6.3±1.2 a 8.2±0.4 a

1 L = Low casein (2.5-2.7% N) and H = High casein (4.1-4.5% N).
2 Within column means followed by the same letter(s) are not significantly different at p<0.05

(Standard LSD).
3 The pentane control diet contained an equivalent quantity of pentane used as solvent in the terpene
extract.



Table 111.4. Growth and consumption rates (mean ±se)of fourth instars of the gypsy moth
fed on control diets and diet containing the total terpene extract from Douglas-fir at
two levels of casein. Average Growth Rates = AGR; Relative Growth Rates = RGR; Average
Consumption Rates = ACR; Relative Consumption Rates = RCR.

Growth Rate Consumption Rate
Cas- Num-

Diet ein bers of
level 1 larvae

(n)

AGR
(mg/day)

RGR
(mg/mg/day)

ACR
(mg/day)

RCR
(mg/mg/day)

Control L 18 1.6±0.1 b2 0.18±0.02 b 9.1±0.6 c 0.96±0.08 b
H 16 0.7±0.2 a 0.09±0.02 a 4.8±0.5 a 0.59±0.06 a

Pentane control3 L 15 1.4±0.2 b 0.16±0.02 b 8.5±0.9 be 1.01±0.09 b
H 16 0.7±0.1 a 0.08±0.02 a 4.0±0.3 a 0.50±0.04 a

Total terpene L 16 0.9±0.1 a 0.12±0.01 ab 6.9±0.8 b 0.87±0.07 b
extract H 14 0.8±0.1 a 0.13±0.03 ab 5.2±0.7 ab 0.82±0.08 b

1 L = Low casein (2.5-2.7% N) and H = High casein (4.1-4.5% N).
2 Within column means followed by the same letter(s) are not significantly different at
p<0.05 (Standard LSD).

3 The pentane control diet contained an equivalent quantity of pentane used as solvent in
the terpene extract.



Table 111.5. Growth efficiencies (mean ±se) of fourth instars of the gypsy
moth fed on control diets and diet containing the total terpene extract from
Douglas-fir at two levels of casein (nitrogen).

Diet
Cas- Num-
ein bers of
level'. larvae

(n)

Approximate
Digest-
ibility
(AD %)

Efficiency of
conversion of
digested food
(ECD %)

Efficiency of
conversion of
infested food
(ECI %)

Control L 18 27.7+1.3 a2 63.2±3.8 b 17.0±0.8 a
H 16 36.0±1.9 b 37.8±5.6 a 13.5±2.0 a

Pentane control 3 L 15 26.2±3.1 a 76.3±10.0 b 16.7±1.2 a
H 16 36.9±2.3 be 42.7±5.1 a 15.3±2.0 a

Total terpene L 16 24.0±2.4 a 73.8±10.8 b 15.1±1.5 a
extract H 14 42.8±2.0 c 38.1±5.9 a 15.5±2.2 a

1 L = Low casein (2.5-2.7% N) and H = High casein (4.1-4.5% N).
2 Within column means followed by the same letter(s) are not significantly
different at p<0.05 (Standard LSD).

3 The pentane control diet contained an equivalent quantity of pentane used
as solvent in the terpene extract.
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DISCUSSION

Extracts from Douglas-fir differentially affected

larval growth and survival of neonate and third instar

gypsy moth larvae. The terpene component of the Douglas-

fir plant extracts appeared to have no effect on neonate

fitness indices. The phenols, however suppressed larval

growth and survival. Terpenes+phenols have a synergistic

effect on supression of larval growth and survival. This

synergism depended on levels of dietary nitrogen. Higher

levels of dietary nitrogen alleviated the detrimental

effects of Douglas-fir plant extracts on neonate and

third instar larvae. Larval instars differed in their

response to dietary nitrogen. Levels of dietary nitrogen

that may be limiting to neonates were not limiting to

fourth instars. Fourth instar larvae performed better on

diets with the lower nitrogen (2.5-2.7% N) than on diets

with higher nitrogen (4.1-4.5% N) as indicated by higher

growth rates, consumption rates (Table 111.4) and higher

AD's and ECD's (Table 111.5).

All neonate larvae fed Douglas-fir foliage died

which may be due to a combination of factors, such as 1)

leaf toughness either reducing or preventing larval

feeding (as evidenced by very small quantities of frass)

leading to starvation, 2) the highly toxic effect of the

phenols and terpenes together (as demonstrated by the

effect of terpenes+phenols incorporated in diet), and 3)
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the absence of particular familial lines predisposed to

feed and survive on Douglas-fir (Joseph et al. 1989a).

The large amount of frass produced by larvae feeding on

the diet with terpenes+phenols compared to the amount of

frass produced by larvae fed foliage suggests that

physical deterrancy (leaf toughness) may be more

important than chemical deterrancy or lack of feeding

stimulants in inhibiting neonate feeding causing

starvation and death.

Leaf toughness has been shown to reduce consumption

and growth of herbivorous insects (Feeny 1970; Ohmart et

al. 1985). However, several terpenes have been

implicated as phagodeterrents (Meisner and Skatulla

1975). Diets containing Douglas-fir foliar extracts

presented no physical barriers to larval feeding, and

there were no moisture limitations, thus any effect on

gypsy moth larval growth should have been due to the

treatments. The positive response of neonate gypsy moth

larvae to higher nitrogen levels in the diet may be due

to higher ECI's. This is consistent with the generally

observed linear relationship between nitrogen and ECI

(Slansky and Feeny 1977; Mattson 1980).

The results show a remarkable reversal in the

response of fourth instar larvae to dietary nitrogen

compared to the neonates. This implies that the level of

dietary nitrogen that is limiting to the neonates might

be optimum for the fourth instars and that the level of
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dietary nitrogen that is non-limiting to the neonates are

detrimental to the fourth instars. Montgomery (1982)

suggested that dietary nitrogen could be more critical

for larvae during the early instars, which may explain

the differential effect of nitrogen over the age of the

larvae. The optimum range of dietary nitrogen

requirements for the gypsy moth is not known. Brewer et

al. (1987) found that spruce budworm when fed foliage

with a range of foliar nitrogen from 0.74 to 5.02%,

either starting at the third or penultimate (fifth)

instar, attained the maximum pupal weights on the mid-

range nitrogen level (2.41 to 2.96%). Any higher or

lower nitrogen level had a detrimental effect on spruce

budworm performance, demonstrated by lower survival and

pupal weights. In my study, at an average dietary

nitrogen level of 2.63%, gypsy moth larvae gained twice

the weight as the larvae at an average dietary nitrogen

level of 4.5%. Whether, the final pupal weights which

were highly correlated with fecundity (Hough et al. 1978)

are affected by the observed differences in the growth

rates of fourth instar larvae to the levels of dietary

nitrogen is not known. However, this does suggest that

the lower nitrogen level may be within the optimum range

of dietary nitrogen required for gypsy moth larvae. It

is interesting to note that the percent nitrogen in oak

foliage, the preferred host of gypsy moth is about 2.2%

(Riclefs and Matthew 1982).
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Fourth instars did not exhibit the general linear

relationship between nitrogen and ECI's. However,

increased growth rates at the lower level of dietary

nitrogen were manifested in increased consumption rates,

increased ECD's and decreased AD's. The lower AD's were

compensated by higher ECD's, this negative correlation

has been reported in earlier studies for other larval

species (Reese and Beck 1978).

The demonstrated interaction between nitrogen and

the secondary compounds (Douglas-fir extracts) and their

effect on gypsy moth larvae in this study support the

results of my previous research (Joseph et al. 1989b).

Higher dietary nitrogen alleviates the harmful effects of

diets containing Douglas-fir phenols and diets containing

terpenes+phenols on neonate and third instar larvae.

Hare (1987) reported that high protein concentrations in

synthetic diets fed to the Colorado potato beetle

Leptinotarsa decemlineata offset the effect of several

glycoalkaloids. In a recent study on the eastern

budworm, Bauer and Nordin (1988) found that higher

dietary nitrogen enhanced their resistance to Nosema

fumiferanae (Thomson), a microsporidium.

The terpenes had less of an effect on the gypsy moth

larvae than the phenols. However, the terpenes appeared

to have a chronic affect on the larvae of the gypsy moth.

This is suggested by the lack of any affect on the

neonate larvae and its subsequent affect on the third
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instar and fourth instars. The fourth instar data

suggest that this chronic affect resulted in decreased

weight gain which may be primarily due to an inhibition

of ingestion (Table 111.3). Terpenes have been

implicated as feeding deterrents (Meisner and Skatulla

1975). Terpenes had no effect on any of the nutritional

efficiencies except that the gypsy moth showed a higher

assimilation efficiency on the diet containing the higher

nitrogen level. This compensation at the higher nitrogen

level alleviated the effect of terpenes as indicated by

similar larval weight gain. The effect of terpenes was

masked by the effect of phenols. In both the earlier

studies (Joseph et al. 1989a, b), the phenolic component

of the Douglas-fir allelochemics (and not terpenes) was

observed to be related to lowered fitness of the gypsy

moth. The results of this experiment further support

this negative correlation between the phenols in Douglas-

fir and gypsy moth fitness.

The phenols are considered an important quantitative

defense of plants against herbivory (Rhoades and Cates

1976; Swain 1979). The chemical basis for their

defensive role has been attributed to the ability of the

polyphenolic component (syn. tannins) to precipitate

plant proteins and gastrointestinal enzymes, thereby

reducing proteins and cell wall digestion (Robbins et al.

1987; Zucker 1983). These polyphenols can be broadly

divided into two groups-the condensed tannins and the
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hydrolysable tannins (Haslam 1988). All tannins in

Gymnosperms are condensed tannins (Swain 1979).

Condensed tannins although less astringent than

hydrolysable tannins, form more stable complexes with

proteins (Swain 1979). This may explain the extreme

biological activity of Douglas-fir phenols against the

gypsy moth larvae.

The results demonstrate that there was a synergistic

effect on neonate and third instar gypsy moth larvae of

two classes of secondary compounds (terpenes and phenols)

which occur naturally in Douglas-fir. This synergism may

be the result of the combined effect of a reduction in

the amount of food ingested (caused by terpenes) coupled

with the precipitation of available protein and digestive

enzymes (caused by phenols). Thus, terpenes acting as

feeding deterrants may play a role in restricting gypsy

moth host range by not only making the host unacceptable,

but together with the phenols making Douglas-fir an

unsuitable host.

Further studies are necessary to determine the

optimum range of dietary nitrogen for gypsy moth larvae

and to understand the differential response of the larval

instars to dietary nitrogen. The synergism between

terpenes and phenols needs further study to understand

the precise nature of its action on larval growth and

development. This information may facilitate a better

understanding of the unique 'defense' systems in plants
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and the mechanisms employed in counteradaptations by

insect herbivores.
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V. CONCLUSION

The gypsy moth developed on both novel hosts, white

alder and Douglas-fir. However, white alder was more

suitable as a host than Douglas-fir. Gypsy moth fitness

traits, such as survival and pupal weight were lower and

days to pupation was longer for larvae fed Douglas-fir

than those fed white alder. High mortality of first

instars accounted for lower survival on Douglas-fir.

Douglas-fir foliar nitrogen, phenols and terpenes

combined with needle toughness may be the most important

foliar characteristics determining gypsy moth success on

Douglas-fir. Douglas-fir foliar terpenes and phenols

appear to have a synergistic effect on survival and

development of early instars of the gypsy moth. The

terpenes, compared to the phenols were physiologically

less harmful to the gypsy moth larvae. High levels of

dietary nitrogen (4.1-4.5%) alleviated the harmful

effects of Douglas-fir allelochemics for the early

instars of the gypsy moth. The age (instar) of the gypsy

moth larvae influenced its response to dietary nitrogen.

First instars showed better growth and development on

diets with high nitrogen levels (4.4-4.5%), than on diets

with low nitrogen levels (2.5-2.7%). However, fourth

instars showed better growth and development on the diets

with low nitrogen levels. Fourth instars are better able



79

to compensate for low nitrogen levels by adjusting their

ingestion rates. Thus, levels of dietary nitrogen that

are limiting to first instars of the gypsy moth may not

be limiting to fourth instars and vice-versa.

On white alder, neither nitrogen nor phenols appear

to be a limiting factor to gypsy moth development. Pupal

weights obtained from larvae fed white alder were higher

than those weights obtained on larvae fed oak-its

preferred host. However, gypsy moth larvae fed white

alder foliage with phenolic levels of 200 mg/g dry wt

produced significantly heavier pupae than those fed on

foliage with phenolic levels of 150 mg/g dry wt. It

appears that below a threshold level, phenols in white

alder may be quantitative phago-stimulants.

Larval familial lines (egg masses) from a single

geographic population influenced the nutritional

interaction between the gypsy moth and its host plants.

A high degree of variation (for survival and other

fitness traits) among familial lines of the gypsy moth

combined with its highly polyphagous behaviour, endows

this insect with the genetic and physiological potential

to widen its host range.
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APPENDIX A

GYPSY MOTH SURVIVAL

NOTE Al: First instar mortality accounted for 85-90% of

total mortality on Douglas-fir (old foliage) monitored

every three days. A similar trend on white alder. Age

of Douglas-fir foliage had an affect on percent survival

(Fig Al) .

The first instar is extremely sensitive to foliar

characteristics. The much lower survival on Douglas-fir

(old foliage) may be due to toxic secondary chemicals

combined with the physical toughness of the leaves.
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Fig A.1. Trend of percent survival of gypsy moth
larvae fed foliage from white alder and Douglas-fir.



90

NOTE A2: Douglas-fir foliage types affected larval

survival. Generally, one-year old needles, presumably

tougher, decreased first instar survival. A choice of a

combination of old and new foliage (Douglas-fir) showed

similar survival as white alder (Fig A2).

The choice of a combination of one-year old needles,

current season needles, and bud scales provided a less

dessicating micro-environment for the sensitive first

instars and the current season foliage was physically

softer than the old foliage. This could result in

increasing survival considerably.
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APPENDIX B

LARVAL ACCEPTABILITY

NOTE Bl: Neonate larvae were placed in a multiple choice

arena. The number of larvae observed on the test choices

was counted at 30 h and at 96 h. Percent wandering

decreased over time and percent on the relatively

preferred choice (Douglas-fir current season foliage)

increased (Fig B1).

New foliage had 20% more moisture and total nitrogen

than old foliage and was physically softer. These could

be some of the possible reasons for first instar

preference.
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Fig B.1. Preference of first instar gypsy moth given a
choice of different aged Douglas-fir foliage and
related tissue.
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NOTE B2: Acceptability of fourth instars was studied

using, either larvae reared on standard control diet, or

on diet containing Douglas-fir terpene extract. Larvae

were given a mulitple choice of four diets (See Table

B2). Acceptability of fourth instars was affected by the

diet they were reared on, and the Douglas-fir foliar

extract. Surprisingly, phenols, which had a relatively

higher detrimental effect on larval survival and growth

showed, higher acceptability under both rearing

treatments. However, larvae reared on diets containing

terpenes did not show a significant difference with the

control larvae. The diets, the larvae were reared on

till the fourth instar induced a preference in the larvae

for that diet.

The induction of preference has been reported for

the gypsy moth. Phenolics being akin to oak tannins

which have been reported to be feeding stimulants may

result in increased acceptability. It is interesting

that, what is acceptable need not necessarily be suitable

for survival and growth.
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Table 3.2. Preference of fourth instar gypsy moth
larvae (reared on different diets) to artificial
diets containing Douglas-fir extracts in a multiple
choice arena.

Diet
choicel

Diet till the 4th instar

control
(mg)
mean ±se

Total terpene
extract (mg)
mean ±se

Control 14.8±5.6 ab3 1.8±1.5 a

Total terpene
extract

7.1±2.3 a 2.7±1.4 a

Total phenol
extract

17.8±3.3 b 5.0±2.5 a

Total terpene
total phenol
extract

7.2±0.8 a 4.4±1.1 a

1 Each multiple choice test was replicated 10 times.
2 Weight (mg dry wt) of diet consumed in the choice
arena in 48 h.

3 Within column means followed by the same letter(s)
are not significantly different at p<0.05 (Standard
LSD).
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APPENDIX C

EFFECT OF SWITCHING HOSTS

NOTE Cl: Gypsy moth larvae were fed alder leaves from

hatch and were switched to Douglas-fir foliage in the

second, third, and fourth instars. A control where the

larvae were allowed to continue on alder without

switching was included. The effect on larval development

was measured for the following variables, survival till

pupation, fifth instar weights, pupal weights, days to

pupation, pupal period, duration of each instar, weight

at beginning of switch, and weight after one instar on

the switched host.

Survival was affected by the earliest switch (Switch

I), when second instars were transferred to Douglas-fir

(Table C1). In nature switches to conifers usually occur

during the more mobile fourth instars or later instars.

Early instars suffer almost 100% mortality on several

conifers. Final pupal weights which reflect fitness of

the gypsy moth were not affected by the time of switch,

but overall switching from alder to Douglas-fir decreased

fitness. Surprisingly, switch I produced larvae with an

extra instar for the males. Switching at that stage may

interfere with hormone titres controlling normal moulting

schedules. Duration of the instar after being switched

was affected, but in subsequent instars the larvae

reverted back to durations similar to the control larvae
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(Table C2). Similar effects were observed for growth

efficiencies (Table C3). Larvae were negatively affected

only during the switched instar and reverted back to

control efficiencies. However, the larvae were never

able to compensate in the following instars as the final

pupal weights were lower than that on the control.
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Table C.1. The influence of dietary host switches on the fitness parameters
(mean ±se) of gypsy moth.

Dieti
Sex

Fitness parameters

Survival
(percent)

Larval
weight2
(gms)

Pupal
weight3
(gins)

Larval
period
(days)

Pupal
period
(days)

White alder M 0.234 d 0.603 b5 39.1 a 15.6 a
82.1 b4 (± 0.01) (± 0.02) (± 0.7) (± 0.2)

F 0.209 d 1.990 b 46.2 a 11.8 a
(± 0.01) (± 0.08) (± 0.9) (± 0.3)

Switch I M 0.113 a 0.497 a 45.2 b 14.8 a
69.2 a (± 0.01) (± 0.02) (± 1.1) (± 0.3)

F 0.134 a 1.383 a 46.3 a 11.6 a
(± 0.01) (± 0.06) (± 0.7) (± 0.2)

Switch II M 0.160 b 0.453 a 40.2 a 14.9 a
85.0 b (± 0.01) (t 0.02) (± 1.1) (± 0.2)

F 0.134 a 1.316 a 46.1 a 11.6 a
(± 0.01) (± 0.04) (± 0.9) (± 0.2)

Switch III M 0.187 c 0.450 a 40.0 a 15.0 a
82.1 b (± 0.01) (± 0.01) (± 0.8) (± 0.2)

F 0.183 b 1.424 a 45.9 a 12.0 a
(± 0.02) (± 0.03) (± 0.9 (± 0.2)

1 Switch I, first instar on white alder the remaining on Douglas-fir
Switch II, till the second instar on white alder remaining on Douglas-fir
Switch III, till the third instar on white alder remaining on Douglas-fir

2 Fifth instar fresh weights.
3 Fresh weights two days after pupation.
4 Within column, percent survival followed by the same letters are not
significantly different at p<0.05 (t-test).

5 Within columns, for the same sex means followed by the same letters are
not significantly different at p<0.05 (Standard LSD).
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Table C.2.
(mean days

Influence of dietary host switches
±se) of the gypsy moth.

on the duration of instars

Instars

Sex
Dietl II III IV V VI

White alder M 9.1 a2 4.6 a 5.1 a 7.1 b 13.1 b
(± 0.5) (± 0.3) (± 0.1) (± 0.3) (± 0.2)

F 9.6 a 4.5 a 4.4 a 5.0 a 7.2 a 15.6 b
(± 0.6) (± 0.2) (± 0.1) (± 0.2) (± 0.2) (± 0.4)

Switch I 9.8 a 6.5 b 4.8 a 5.8 a 7.3 a 12.0*
(± 0.6) (± 0.4) (± 0.2) (± 0.3) (± 0.9) (± 0.3)

F 8.7 a 7.0 b 4.6 a 5.5 a 7.2 a 13.3 a
(± 0.5) (± 0.6) (t 0.2) (t 0.3) (± 0.4) (± 0.5)

Switch II 9.3 a 4.8 a 7.3 b 6.5 ab 12.3 b
(± 0.5) (± 0.2) (± 0.3) (± 0.3) (± 0.7)

F 9.2 a 4.9 a 5.8 b 5.4 a 6.8 a 14.0 a
(t 0.6) (± 0.4) (± 0.3) (± 0.2) (± 0.2) (± 0.2)

Switch III M 9.0 a 4.8 a 5.2 a 8.7 c 12.4 b
(t 0.5) (t 0.2) (± 0.1) (± 0.2) (± 0.3)

F 9.3 a 4.5 a 4.7 a 6.9 b 6.9 a 13.6 a
(± 0.7) (± 0.2) (± 0.2) (t 0.3) (± 0.3) (± 0.4)

1 Switch I, first instar on white alder the remaining on Douglas-fir.
Switch II, till the second instar on White alder remaining on Douglas-fir.
Switch III, till the third instar on White alder remaining on Douglas-fir.

2 Within columns, for the same sex means followed by the same letters are not
significantly different at p<0.05 (Standard LSD).
Males on Switch I had an extra instar.



Table C.3. Influence of dietary host switches on gypsy moth gross larval growth
efficiency (GLGE) and larval weight gain (LWG) expressed as means ±se.

Diet1

Instars

III IV V

GLGE 2 LWG 3 GLGE LWG GLGE LWG

White alder 3.74 b4 12.4 b 3.72 b 44.5 c 3.74 b 162.0 c
(± 0.2) (± 0.7) (± 0.2) (± 2.2) (± 0.2) (± 7.0)

Switch I 2.46* a 6.1 a 3.90 b 29.3 b 3.53 b 87.5 a
(± 0.2) (± 0.6) (± 0.3) (± 3.0) (± 0.3) (± 6.7)

Switch II 2.45* a 24.4 a 3.53 b 103.9 ab
(± 0.1) (± 1.4) (± 0.2) (± 5.4)

Switch III - - - 2.70* a 116.6 b
(± 0.1) (± 7.0)

1 Switch I, first instar on white alder the remaining on Douglas-fir.
Switch II, till the second instar on white alder remaining on Douglas-fir.
Switch III, till the third instar on red white alder remaining on Douglas-fir.

2 GLGE (mg/mg) = Succeeding instar fresh weight/preceding instar fresh weight.
3 LWG (mg) = Succeeding instar fresh weight - preceding instar fresh weight.
4 Within columns, means followed by same letters are not significantly
different at p<0.05 (Standard LSD).

* Within row means are significantly different at p<0.05 (Standard LSD).
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APPENDIX D

HOST EFFECT ON EGG SIZE

NOTE Dl: Egg masses shipped from Maryland were dehaired

by gently rubbing them with sand, and then seived.

Thirty eggs were randomly selected from each egg mass and

their diameter was measured under an ocular microscope.

Eggs that were oviposited in the next generation were

measured, repeating the above procedure.

Initial egg diameters were significantly different

between the egg masses (Table D1). Some of the egg

masses from females reared on white alder had larger eggs

than those from the previous generation females reared on

oak. There was no difference in egg sizes between

Douglas-fir reared females and the previous generation

oak reared females. Familial line-I on both white alder

and Douglas-fir produced bigger eggs than those from the

previous generation oak reared females of the same

familial line. Interestingly, this was the familial line

that had the most fecund females. There was a positive

correlation between the pupal weights and egg size. It

appears that previous generation larval nutrition affects

the size of the eggs. The egg size has been correlated

with first instar dispersal behaviour.



102

Table D.1. Egg size (Mean diameter ±se) of gypsy moth familial lines
collected and reared on different hosts.

Familial
lines

Oak2 White alder 3

Tree type-A Tree type-B
Douglas-fir4
Tree type-A

I 1.194 a5 (c) 6 1.215 b (b) 1.229 b (b) 1.218 b (c)
± 0.007 ± 0.006 ± 0.005 ± 0.004

II 1.168 a (ab) NANA* NA 1.160 a (a)
± 0.002 ± 0.003

III 1.194 a (cd) NA NA 1.188 a (b)
± 0.004 ± 0.004

IV 1.202 a (cd) NA NA 1.195 a (b)
± 0.002 ± 0.005

V 1.183 a (b) 1.192 a (a) 1.196 a (a) 1.190 a (b)
± 0.004 ± 0.005 ± 0.004 ± 0.003

VI 1.161 a (a) 1.184 b (a) 1.191 b (a) NS *

± 0.003 ± 0.006 ± 0.005

VII 1.210 b (d) 1.191 a (a) 1.200 ab (a) NS
*

± 0.004 ± 0.004 ± 0.004

VIII 1.184 b (bc) NA NA 1.167 a (a)
± 0.003 ± 0.005

1 Each familial line was an individual egg mass.
2 Egg masses were collected on white oak from Maryland.
3 White alder tree types differed in their foliar phenolic content.
4 Douglas-fir tree type-A were fertilized (high N) Christmas trees.
5 Within row means followed by same letter(s) are not significantly
different at P<0.05 (Standard LSD for rows with more than two samples
and Student's t-test for rows with two samples).

6 Within columns, means followed by same letters are not significantly
different at P<0.05 (Standard LSD).

* NA Egg masses were not evaluated.
* NS No adults survived to be mated.



APPENDIX E

MODIFIED NUTRIENT SOLUTION TO VARY LEVELS OF NITROGEN

Table E.1. Nutrient.solutionl used to fertilize Douglas-fir seedlings at varying levels of
nitrogen.

Compound

Molecular Concen- Concen- Volume of Final
weight tration tration stock solution concen-

of stock of stock per liter of tration
solution, solution, final solution, of element,

(M) (g/liter) (ml) Element (ppm)

- Macronutrients

NH NO3 80.05 2.00 160.1 7 N 200
CalH2PO4).2H20 252.16 0.03 8.5 118 P 123

C 160
K
2
SO4 174.26 0.57 100.0 11 K 235

11 S 297
MgSO4.7H20 246.49 1.00 246.5 1 Mg 22

S 32

- Micronutrients2 (mM)

KCL 74.55 50.0 3.728 Cl 1.77
H3B03 61.84 25.0 1.546 B 0.27
MnSO4.H20 169.01 2.0 0.338 1 Mn 0.11
ZnSO4.7H20 287.55 2.0 0.575 Zn 0.131

CuSO4 .5H20
H2Mo04(35% MoO3)

249.51
161.97

0.5
0.5

0.125
0.081

Cu
Mo

0.032
0.05

Fe-EDTA 346.08 20.0 6.922 1 Fe 1.12

1 Modified after Johnson et al. (1957).
2 A combined stock solution was made up containing all micronutrients except iron.

0
3 Ferrous dihydrogen ethylenediamine tetraacetic acid.


