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ABSTRACT

PHENOLOGICAL VARIATION IN THE SUSCEPTIBILITY

OF WHITE SPRUCE TO THE SPRUCE BUDWORM

By

Robert Kent Lawrence

Seasonal and maturational changes in plant traits create temporal windows

of susceptibility during which the plant is a suitable host for various herbivores.

Synchrony of insect phenology and host tree phenology has often been suggested

as a factor in the susceptibility of white spruce, Picea glauca (Moench) Voss, and

other host species to the spruce budworm, Choristoneura fimtiferana (Clemens).

Although the concept of phenological windows of susceptibility has long existed,

this study is the first to test the hypothesis comprehensively and to substantiate it.

Phenological variation in white spruce susceptibility was evaluated by measuring

performance of several cohorts of spruce budworms caged on trees at different

phenological stages of the hosts and comparing budworm performance with

phenological variation of 13 foliar traits.

The window of susceptlbility in white spruce was well defined in this study.

Performance is high for budworms that emerge and begin feeding during the 3-4

weeks prior to budbreak and complete larval development prior to the end of

shoot growth. Larval survival averaged greater than 60% for budworms that

began development 1-3 weeks prior to budbreak, but decreased to less than 10%

for budworms that began development two or more weeks after budbreak. More



than 85% of total larval mortality occurred by the time most larvae were third

instars in both early and late budworm cohorts.

Variation in budworm larval survival and length of development (degree

days) among three white spruce seed sources was clearly linked to phenological

differences among seed sources. Variation in budworm weight, growth rate and

length of development (days) among seed sources was positively correlated with

tree growth rate, thereby implying that competition for resources within individual

trees may affect their susceptibility to insects.

Levels of nitrogen, phosphorous, potassium, total sugars and water in

current-year foliage declined, while leaf toughness increased, during spring and

early summer. Calcium, magnesium, copper and zinc declined and later

increased. High water content and low leaf toughness are strongly correlated with

high budworm performance and are the foliar traits most likely to be key factors

defining the window of susceptibility in white spruce.
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WINDOWS 0F SUSCEPTIBILITY

Plant resistance against herbivory involves a combination of many host-

plant traits including nutrients, allelochemics, physical attributes and bio-

associations. However, plant traits are not invariant. They typically vary spatially

and temporally, as does the suitability of a host to herbivores (Mattson et a1.

1982). Spatial variation occurs within and among individual plants and among

populations (Whitham 1981, 1983, Krischik and Denno 1983). Temporal variation

can exist as diurnal, seasonal or ontogenetic changes in plant traits and as changes

induced by biotic or abiotic agents (Mattson et al. 1982, Raupp and Denno 1983).

For each herbivore, there is a range of values for each host-plant trait that

is suitable for growth and survival of the herbivore. Plants may pass through a

temporal suitability/susceptibility "window" when plant trait values optimally

match with herbivores’ tolerance ranges for plant traits (Feeny 1976, Lawton and

McNeill 1979, Mattson et al. 1982, Mooney et a1. 1983). Such windows of

susceptibility are associated with both phenological and ontogenetic changes in

host quality. The success of an herbivore on a given host plant therefore depends

on the degree of its synchrony with host phenology.

Phenological Variation in Plant Traits

Many plant traits that affect the suitability of a host plant to herbivores

vary seasonally or, in other words, with leaf age (Raupp and Denno 1983, Cates
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1987, Mattson and Scriber 1987). Among these traits are the foliar levels of water

(Hinckley et al. 1978, Scriber and Slansky 1981), nitrogen (McNeill and

Southwood 1978, Mattson 1980), mineral elements (Mattson and Scriber 1987,

Clancy et al. 1988a), fatty acids (Clark et al. 1975), carbohydrates (Little 1970,

Chapin et al. 1986), phenolics (Feeny 1970, Rossiter et al. 1988), terpenoids (von

Rudloff 1972, Cates and Redak 1988), alkaloids (McKey 1974), epicuticular waxes

(Hanover and Reicosky 1971) and physical attributes such as leaf toughness and

fiber content (Feeny 1970, Coley 1983, Mattson and Scriber 1987).

The levels of water and nitrogen in leaves are positively correlated and

both decline strongly with leaf age (Scriber and Slansky 1981, Scriber 1984b,

Mattson and Scriber 1987). These patterns consistently occur in most plant

growth forms (e.g. grasses, forbs, trees). However, levels of both water and

nitrogen are usually lower in trees than in herbaceous plants, and lower in

evergreen trees than in deciduous trees. The levels of water and nitrogen in very

young leaves of trees approach those found in herbaceous plants (Mattson and

Scriber 1987). Insect herbivore performance (e.g. growth rates and food

utilization efficiencies) is usually positively correlated with foliar levels of both

water and nitrogen (Scriber and Slansky 1981, Scriber 1984b, Mattson and Scriber

1987). Although water and nitrogen are not the only factors affecting insect

performance, they effectively reflect the milieu of plant traits encountered by the

herbivore (Scriber 1984b, Mattson and Scriber 1987), and together these two plant

traits provide an index of plant quality, which can be used to predict maximum

growth performance of insect herbivores (Scriber 1984b).

Plant nitrogen varies qualitatively, as well as quantitatively,

with advancing plant phenology (McNeill and Southwood 1978, Mattson 1980).

Nitrogen content of young plant tissues consists primarily of amino acids, soluble
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proteins and nitrogen-based secondary compounds, while the nitrogen content of

older tissues consists primarily of structural or insoluble protein (Mattson 1980).

Seasonal variation of foliar mineral concentrations is relatively consistent

for several mineral elements among many woody plant species. Fer example,

phosphorous and potassium levels decrease rapidly during the growing season,

whereas calcium, manganese and aluminum may increase almost linearly (Grigal

et al. 1976, Mattson and Scriber 1987, Clancy et al. 1988a, Hockman et al. 1989).

The seasonal trend for magnesium is less consistent, with foliar concentrations

increasing, decreasing, or sometimes first decreasing and then increasing later in

the season (Grigal et al. 1976, Mattson and Scriber 1987, Clancy et al. 1988a).

Micronutrients such as boron, copper, iron, zinc and sodium may also rapidly

decrease early in the growing season and later increase (Mattson and Scriber

1987).

Seasonal variations in concentrations of carbohydrates in temperate woody

plants reflect the dynamics of photosynthesis, carbon metabolism and

translocation of assimilates (Leach and Little 1973, Bernard-Dagan 1988). Energy

reserves (e.g. starch, sugars, lipids) are metabolized before the start of growth and

translocated from storage sites in roots, stems and shoots to new leaves and other

growing points (Kramer and Kozlowski 1979, Bernard-Dagan 1988). As

photosynthesis increases and new leaves become net producers of carbohydrates,

assimilates are exported from leaves to other parts of the plant. Seasonal patterns

of non-structural carbohydrates differ among plant growth forms (Kramer and

Kozlowski 1979, Chapin et al. 1986). Annual fluctuations in concentrations of

non-structural carbohydrates are much less in evergreen plants than in deciduous

plants. In evergreen plants a large portion of reserve carbohydrates are stored

during the winter in old leaves, and then translocated to new leaves during initial

growth stages in the spring (Ericsson 1978).
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Foliar levels of allelochemics can vary considerably with plant phenology.

Levels of phenolic compounds typically increase throughout the growing season

(Feeny 1970, Haukioja et al. 1978, Mattson and Palmer 1988). On the other

hand, they may peak at, or within a few weeks after, budbreak and then decline

with leaf age (Coley 1983, Baldwin et al. 1987, Mattson et al. 1988, Rossiter et al.

1988). The total quantity of terpenes in current-year conifer foliage increases

during the growing season (von Rudloff 1972, Cates and Redak 1988). However,

the greatest changes in relative amounts of terpenes in conifer foliage often occur

in buds prior to budbreak or in new leaves just after maturing during the shoot

growth period (von Rudloff 1972, 1975a, 1975b, von Rudloff and Granat 1982).

Levels of alkaloids, cyanogenic glycosides and many other toxins are higher in

younger leaves than older leaves (McKey 1974, Mattson 1980).

Leaf toughness, a largely unappreciated defense, is directly correlated with

leaf maturity (Feeny 1970, Coley 1983, Lowman. and Box 1983). Levels of

structural components (e.g. cellulose, hemicellulose, lignin) that contribute to leaf

toughness increase in maturing leaves (Chung and Barnes 1980, Scriber and

Slansky 1981, Mattson and Scriber 1987).



SPRUCE BUDWORM AND HOST PHENOLOGY

Interspecific and intraspecific variation in host tree phenology have often

been cited as major factors in the relative susceptibility of host trees to the spruce

budworm (Choristoneura firmiferana (C1emens)) and western spruce budworm (C.

occidentalis Freeman) in North America (Blais 1957, Greenbank 1963, Eidt and

Cameron 1971, Redak and Cates 1984, Volney 1985, Osawa et al. 1986, Blum

1988) and to the European fir budworm (C. murinana Hiibner) in Europe

(Schonherr 1980). Annual variations in host tree susceptibility have been, in

some cases, attributed to climatic effects that alter the synchrony of budworm

phenology and host tree phenology (Schdnherr 1980, Beckwith and Bumell 1982,

Thomson et al. 1984, Shepard 1985).

The spruce budworm is a micro-lepidopteran folivore of boreal North

America. Its primary hosts are balsam fir (Abies balsamea (I...) Mill.) and white

spruce (Picea glauca (Moench) Voss), but the budworm can cause significant

damage to red spruce (P. rubens Sarg.), black spruce (P. mariana (Mill) B.S.P.)

and subalpine fir (A. lasiocarpa (Hook) Nutt.) (Harvey 1985). Periodic

outbreaks of this insect have resulted in many millions of hectares of defoliated

and ldlled trees in northeastern North America (MacLean 1985, Hardy et al.

1986).

Emergence and development of spruce budworm larvae in the spring

generally coincides with budbreak and shoot elongation of its host trees

(McGugan 1954, Greenbank 1963). The larvae overwinter on trees as 2nd instars

and emerge from their hibernacula shortly before budbreak. Larvae initially mine

5
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either old needles, staminate flowers if present, or unopened vegetative buds.

Most larvae mine one-year-old needles prior to vegetative budbreak (McGugan

1954, Blais 1979). When vegetative buds begin to swell and flush, budworm

larvae move to this new foliage where they generally remain until they complete

development. However, at high population densities some "backfeeding" on old

foliage occurs.

Observations from several field and laboratory studies indicate that

asynchrony of budworm phenology and host tree phenology results in reduced

performance (poorer survival, growth and fecundity) of the insect (Greenbank

1956, Eidt and Little 1970, Eidt and Cameron 1971, Mattson et al. 1983, Thomas

1983, Blake and Wagner 1986, Thomas 1987). Negative effects of asynchrony on

budworm performance have been observed both when insect phenology is

advanced and when it is retarded in relation to tree phenology.

When budworm phenology is advanced in relation to tree phenology (larval

emergence precedes budbreak by several days), the young larvae are not able to

penetrate the tight vegetative buds and must then feed on mature foliage for an

extended period. Larval mortality increases under these conditions (Blais 1957,

Eidt and Cameron 1971, Shepard 1985) and is presumably caused by either

deleterious effects of a less suitable diet or by losses due to increased dispersal of

larvae as they search for acceptable feeding sites.

When budworm phenology is retarded in relation to tree phenology (larval

emergence follows budbreak by several days), reduced performance by the

budworm is reflected by several measures (lower survival, lower body weight,

longer development time, lower relative growth rate, lower efficiency of

conversion of ingested food and lower fecundity) (Greenbank 1956, Mattson et al.

1983, Blake and Wagner 1986, Thomas 1987). Older foliage appears to be less
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suitable food for budworms, but the precise mechanisms of these effects are not

known.

These patterns of insect performance indicate that a phenological window

of susceptibility to the spruce budworm exists in its host trees. The timing or

phenological limits of this window have not been determined, nor have the causes

of reduced budworm performance been clearly identified. A variety of test

conditions were used in previous studies of spruce budworm phenological

synchrony. In some cases only late-instar larvae and/or only one or two levels of

asynchrony ‘were used. Excised foliage or potted seedlings were used in

laboratory studies. In some cases, analyses of the phenological variation in plant

traits were minimal or non-existent. No study has examined the question

comprehensively using complete larval development, several levels of asynchrony,

non-juvenile trees under field conditions, and measurements of seasonal variation

in several plant traits.



WHITE SPRUCE BIOLOGY

White spruce, P. glauca, has a transcontinental distribution which extends

from Alaska to Newfoundland and northward to the treeline in northern Canada.

Its range extends southward into the United States from Minnesota to Maine with

isolated populations in Montana, South Dakota and Wyoming (Fowells 1965).

Western portions of the range of white spruce overlap with the ranges of

Engelmann spruce (P. engebnannr’i Parry) and Sitka spruce (P. sitchensis (Bong.)

Carr.). White spruce hybridizes with these two species in broad zones of

introgression (Roche 1969, Nienstaedt and Teich 1972).

' Genetic variation among white spruce populations has been studied for many

morphological and physiological traits (Wilkinson et al. 1971, Nienstaedt and

Teich 1972, Canavera and DiGennaro 1979, Nienstaedt 1985, Khalil 1985, 1986).

The results of several studies suggest that white spruce consists of two or three

east-west clines (Wilkinson et al. 1971, Nienstaedt and Teich 1972, Khalil 1985).

Seed sources in the Ottawa Valley along the Ontario-Quebec border have

consistently produced the fastest growing white spruce (Nienstaedt 1969,

Wilkinson 1977b, Wright et al. 1977, Genys and Nienstaedt 1979, Khalil 1985).

Vegetative growth phenology of white spruce, specifically the timing of bud

flushing, is under strong genetic control (Nienstaedt and King 1970, Wilkinson

1977a, Nienstaedt 1985). The variation in timing of bud flushing among

individuals in white spruce provenance and progeny tests has ranged from a span

of 12 days to a span of 35 days (Wilkinson 1977a, Blum 1988).



OBJECTIVES

The objectives of this study were to: 1) test the hypothesis that a

phenological window of susceptibility to spruce budworm exists in white spruce, 2)

determine the exact timing and duration of such a window of susceptibility, 3)

describe phenological changes in key host nutritional factors that are related to

host susceptibility, 4) determine how these changes in plant traits are related to

the performance of the spruce budworm and 5) evaluate the effect of early and

late-flushing seed sources on host susceptibility. In addition, there were other

more specific questions addressed in relation to the above objectives. I

hypothesized that (a) early and late-flushing seed sources will differ only in their

shift in timing of phenological events, (b) insect-host asynchrony affects the

budworm survivorship curve primarily by causing a rise in early larval mortality

and (c) phenological changes in plant nutritional factors have different effects on

younger larvae and older larvae.



MATERIALS AND METHODS

A major experiment was conducted in 1985 to test the phenological

window of host susceptibility hypothesis for the spruce budworm and to determine

the effects of insect-host asynchrony on several measures of budworm

performance. A similar experiment in 1987 examined the effects of insect-host

asynchrony on the budworm survivorship curve. Seasonal variation in foliar traits

were measured in 1985 and 1986, which allowed comparison with insect

performance data from 1985 to evaluate the relationship between host

susceptibility and host phenology.

Experiments were conducted in a white spruce provenance plantation located

in Wexford Co., Michigan in the Huron-Manistee National Forest. The trees

were 27 years old in 1985, and were part of the White Spruce Seed Source

Variation Study G-113, which was established by the USDA Lake States Forest

Experiment Station (North Central Forest Experiment Station) in 1962.

Phenological Window of Susceptibility

Phenological variation in host susceptibility was evaluated by measuring

spruce budworm performance at varying levels of synchrony between budworm

and host tree phenology. Synchrony was manipulated by using host trees from

three seed sources that differed in their timing of bud flushing and by introducing

eight cohorts of spruce budworm to the trees at different phenological stages of

the hosts.

10
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A factorial experiment was used where the main effects were white spruce

seed sources and spruce budworm cohorts. Information on the relative timing of

budbreak among seed sources was obtained from the Dept. of Forestry, Michigan

State University (unpublished data). Seed sources 1665 from Stony Rapids,

Saskatchewan (SASK) and 1677 from Fort McLeod, British Columbia (BC) were

selected as the early and late-flushing seed sources, respectively. Seed source

1663 from Beachburg, Ontario (ONT) is an intermediate to late-flushing seed

source that also was selected because of its unusually good growth characteristics.

It has consistently been one of the fastest growing seed sources among several

plantations in the northeastern US. and Canada (Nienstaedt 1969, Wilkinson

1977b, Wright et al. 1977, Genys and Nienstaedt 1979). Eight trees were

randomly selected as study trees from among the more open-grown trees in each

seed source.

Spruce Budworm Cohorts

Spruce budworm larvae used in this experiment were obtained from a colony

maintained by the Insect Rearing Service of the Forest Pest Management

Institute, Forestry Canada in Sault Ste. Marie, Ontario. Larvae were received

from the stock colony as overwintering 2nd instars enclosed in their hibemacula

on gauze strips. Larvae were stored at ca. 5 °C until used in the field. Eight

cohorts of 2nd-stage larvae were caged on the trees during the spring and summer

of 1985. Each cohort began at a different time in the host tree’s phenology. A

gauze patch containing approximately 30 larvae was enclosed in a small-mesh

nylon sleeve cage (70 cm length) on one mid-crown branch on each tree for each

cohort. Therefore, 24 branches (3 seed sources x 8 trees/seed source) were caged

for each cohort. Cages were located on all sides of each tree to prevent excessive

destruction of foliage on one side when branches were later removed from the
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tree. Cage positions were uniformly distributed around the tree circumference

within each seed source and budworm cohort.

I started the first cohort of budworm larvae at approximately the same

time as spring emergence of natural, field populations of budworm 2nd-instars.

After reviewing the literature (Henson 1948, Bean 1961, Cameron et al. 1968,

Miller et al. 1971, Shaw and Little 1973, Thomas 1976), I estimated peak

emergence in the field to occur at 50 to 100 degree days based on a threshold of

5.6 °C and a start date of 1 March. The first budworm cohort was placed on the

trees on 23 April at ca. 173 accumulated degree days (about four calendar days

after the estimated peak of emergence of natural budworm populations). The

next five cohorts were started at weekly intervals through 28 May (Table 1). The

seventh and eighth cohorts were started four and eight weeks later on 25 June

and 23 July, respectively.

Each cohort remained en the trees for six to seven weeks until most of the

budworms were in the pupal stage. At that time all caged branches of that cohort

were cut from the trees and examined in the laboratory. The first cohort was

removed from the trees on 5 June, and the last cohort was removed on 10

September. All budworms were collected from the caged branches and held in

individual plastic vials at ca. 23 °C until adult emergence. Adults were killed by

freezing within 24 hours after emergence, and then dried in an oven at 60 °C for

48 hours prior to being sexed and weighed. Budworms that were still in the final

larval stage when collected from the cut branches were provided with current-year

foliage from the seed source on which they had been caged, and allowed to

complete development in petri dishes. Larvae that did not pupate within four

days after the cohort was removed from the trees, were not included in analyses

of body weight.
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Table 1. Dates and accumulated degree days when each spruce budworm cohort

was placed on white spruce trees m 1985.

 

 

Cohort IDES: Gre pgan 323221113331

1 113 23 April 173

2 120 30 April 234

3 127 7 May 296

4 134 14 May 406

5 141 21 May 471

6 148 28 May 556

7 176 25 June 900

‘8 204 23 July 1373

 

1 Base = 5.6 °C; Start date = 1 March
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To provide fresh, vigorous insects for all cohorts, larvae were received in

three batches from the Canadian stock colony and stored (5 °C) no more than five

weeks prior to use in the field. Cohorts 1 to 3 were taken from the first batch

(April), cohorts 4 to 6 from the second batch (May), and cohorts 7 and 8 from the

third batch (June).

The variability of budworm vigor among batches was evaluated by

examining the performance of budworms reared on artificial diet (McMorran

1965) as part of other feeding studies in 1985. These insects came from batches

received from the stock colony in January, March, June and November. They

were used in control treatments in laboratory feeding studies and maintained at

22 °C and a photoperiod of 16:8 hr (lightzdark).

Tree Phenology

The phenological stage of buds and percent shoot elongation on study trees

were monitored at weekly intervals until growth ceased. Bud phenological stage

was rated and shoot elongation was measured on two randomly selected terminal

sheets on both the north side and south side at mid-crown level of each tree. The

phenological stage of the terminal bud on each shoot was rated using a 6-point

system following Nienstaedt and King (1970):

W Rating

Bud in winter condition

Bud beginning to swell

t
u
t
o
r
—
s

Bud globose; swelling prominently

Bud green; bud scales expanding and

thinmng but still intact 4

Bud scales separating and exposing

green needles 5

Shoot elongating 6
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The first measurement of shoot elongation was made in April prior to noticeable

swelling of most buds and consisted of total bud length. Elongation

measurements included bud expansion prior to budbreak and elongation of the

shoot after budbreak.

Ambient temperature in the plantation was measured using a recording

hygrothermograph. Cumulative degree days (threshold = 5.6 °C) from 1 March

were computed using a sine-wave method (Allen 1976).

Spruce Budworm Survivorship Curve

The effect of host phenology on the survivorship curve of the spruce

budworm was examined in 1987 in the same white spruce plantation. An ”early"

cohort and a "late" cohort of budworms were placed on 10 trees of the Beachburg,

Ontario seed source (#1663) using techniques similar to those used in the 1985

study. However, in 1987, budworm survival was evaluated at several points during

the developmental period of each cohort, rather than only at pupation.

Budworms were caged on five mid-crown branches of each tree for each cohort.

One caged branch was removed from each tree at four 7 to 8-day intervals during

budworm development. The final caged branch on each tree was removed when

the majority of budworms were in the pupal stage. Branches were examined in

the laboratory under a lighted magnifying lens, and budworm survival was

determined for each sample date. The average developmental stage of budworm

larvae was determined for each sample date by preserving all collected larvae in

70% ethanol and measuring head capsule widths using an ocular micrometer in a

dissecting microscope (McGugan 1954, Bean and Batzer 1957, Crummey and

Otvos 1980).
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The first cohort in the 1987 experiment was placed on the trees on 10

April at ca. 133 accumulated degree days, slightly earlier than the first budworm

cohort in the 1985 experiment. The second cohort was placed on the trees on 1

June at ca. 760 accumulated degree days, slightly later than the sixth cohort in

1985. Both budworm cohorts in 1987 were taken from the same stock colony

batch.

Seasonal Variation in Host Nutritional Traits

Several periodic measurements were made of the phenological condition of

the host trees during 1985 and 1986. Foliage samples were collected in 1985 at 1-

3 week intervals for analyses of sugar, nitrogen and mineral content. The first

collection was made on 1 May, immediately prior to budbreak on the earliest-

flushing trees (SASK seed source). Samples were collected on that date from

both the previous year’s growth ("old" foliage) and from expanding vegetative

buds. All subsequent samples were collected from current-year foliage only.

Each sample of shoots consisted of ca. 5 g (fresh wt.) of bulked foliage from one

tree. In most cases each sample of buds consisted of less than 5 g. Samples were

sealed in plastic bags, transported to the laboratory in ice-chilled containers, and

stored at -10 °C. Foliage samples were next oven-dried at 60 °C for 48 hours.

Foliage (exclusive of twigs and bud scales) was then ground to a fine powder in a

Wiley mill, and stored in dry conditions at ca. 22 °C until further processing.

Samples were analyzed for soluble sugar content with a high pressure

liquid chromatography (HPLC) technique that extracted 5-, 6- and 12-carbon

sugars (Haack et al. 1991). Each sample was prepared by placing 200 mg of

powdered foliage and 10 ml of 83:17 acetonitrile/water in a centrifuge tube and

shaking the tube for 24 hours in darkness. The sample was then centrifuged
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briefly and the supernatant passed through a Sep-pak C18 cartridge (Waters

Assoc.) to remove particulate matter. Samples were stored in glass vials.

Analysis was accomplished by injecting 75 ul of sample onto a Waters HPLC

system with a Waters carbohydrate analysis column and differential refractometer

and using a mobile phase of 83:17 acetonitrile/water and a flow rate of 2 ml/min.

A Hewlett Packard integrator performed data integration. Peaks were identified

by comparison with retention times of known standards and quantified by

comparison with a calibration curve.

Total nitrogen and total phosphorous were determined with standard

micro-Kjeldahl techniques. A 0.15 g sample of powdered foliage was digested

with 8 ml concentrated sulfuric acid and a catalyst mixture (1.5 g K2804 and 175

mg HgO) for one hour at 385 °C. Sample volume was then increased to 75 ml

with DI (distilled/deionized) water. Sub-samples of 3 ml were stored in sealed

plastic vials and then analyzed colorimetrically with a Technicon Auto-analyzer II.

Totals for elemental minerals (K, Ca, Mg, Mn, Cu, Fe, Na, Zn) were

obtained with plasma emission spectroscopy. A 0.40 g sample of powdered foliage

was digested with 5 ml of concentrated HNO3 for one hour at 155 °C. Then 2 ml

of 70% HClO4 was added and digestion continued for two hours at 220 °C. One

ml of 3% LiCl was added to the sample for ionization suppression, sample volume

was increased to 15 ml with DI water, and the sample was stored in polypropylene

vials. Samples were analyzed on a Beckman Spectrometrics Spectraspan Model

III-A Spectrometer.

Accuracy of total nitrogen and phosphorous analyses and elemental

minerals analyses was checked using National Bureau of Standards standard

reference materials; agreement was within 5% of certified values. Precision was

checked by conducting two separate digestions for ca. 2% of samples; average

relative deviations were less than 5%.
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Measurements of the phenological variation in leaf water content and leaf

toughness were made in 1986 on the same trees studied in 1985. Foliage samples

were collected at one to two-week intervals during April-May and at three to

four-week intervals during June-August. Tree phenological stage (bud stage and

shoot elongation) and ambient temperatures in the plantation were measured in

1986 in the same manner as in 1985.

Foliage samples for analysis of water content were collected on each

sample date at about the same time of day (1100-1500 hrs). Samples were taken

from the previous year’s growth prior to budbreak and from current-year foliage

after budbreak. Each sample consisted of one sheet collected from the mid-

crown level on the south side of each tree. The needles were immediately cut

from each sheet, placed in tightly sealed, pre-weighed plastic vials and transported

in cool, dark conditions to the laboratory. No samples were collected at times

when moisture (dew or precipitation) was visible on the foliage. Fresh weight of

the foliage was determined within 12 hours after collection, and dry weight was

determined after 48 hours at 60 °C.

Samples for analysis of leaf toughness were collected at the same time of day

and at the same general location on the tree as the water content samples. One

shoot was collected per tree, placed in a tightly capped vial, and transported in

cool, dark conditions to the laboratory. Samples were stored at ca. 5 °C until

further processing. Ten needles were selected from each sheet for measurement

of toughness. Toughness was determined by measuring the grams of force

required to break a needle using the type of device developed by Feeny (1970).

This device uses a cylindrical aluminum shaft (2 mm diam.) to puncture the leaf

as force is added to the opposite end of the shaft. A Chatillon fruit puncture

gauge (rather than a beaker of sand as in Feeny’s technique) was used to apply
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pressure to the end of the shaft and to measure the force at which the needle

broke.

Statistical Methods

Insect Performance Variables

Spruce budworm performance was measured by computing percent larval

survival (2nd instar to pupation) and percent pupal survival (pupation to adult

emergence) for individual caged branches, and length of development period

(days and degree days), adult dry weight (mg) and growth rate (mg/degree day)

for individual insects. To meet the assumption of normality, arcsine

transformation was performed on larval survival data prior to data analysis.

Neuter values (sex effect standardized) were computed for budworm

weight, length of development and growth rate by converting values for individual

males to female-equivalent values. For example, the value of an individual male

weight was converted to its neuter value by multiplying the male’s weight by the

ratio of mean female weight to mean male weight. Neuter values were used in all

analyses of weight, length of development and growth rate. This procedure

eliminated much redundancy in the data analyses and provided more adequate

sample sizes in those treatments with low budworm survival. The patterns of

budworm performance were similar for males and females across seed sources

and cohorts, although females generally had greater body weight and longer

development times.

Analysis of Repeated Measurements

The multivariate analysis technique of repeated measures analysis was used

to evaluate the effects of cohort and seed source on budworm performance data
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and the effects of sample date and seed source on host foliage data. When

repeated measurements (performance of insect cohorts and analysis of foliar

constituents) are made on the same experimental unit (a tree) over time, the

measurements tend to be correlated with each other. Use of an analysis

technique that ignores this non-independence can result in a large Type I error

(LaTour and Miniard 1983). Repeated measures analysis can be accomplished

with either a univariate or a multivariate approach (Danford et al. 1960, Cole and

Grizzle 1966, Winer 1971, Davidson 1972, Morrison 1976, LaTour and Miniard

1983).

Repeated measures analysis of data in this study was done using the

multivariate approach provided by the GLM procedure of the SAS statistical

computer system (SAS Institute, Inc. 1988). Individual tree values were used in

all repeated measures analyses. For those variables having multiple observations

per tree at each repeated measure (budworm weight, development time and

growth rate) a mean value was computed for each tree. Seed source was the

between-subjects effect. Budworm cohort or foliage sample date was the within-

subject effect. The SAS procedure for repeated measures analysis provides

multivariate test statistics such as Wilks’ lambda criterion (Morrison 1976) for the

repeated measure effect (cohort or sample date) and for the repeated measure x

seed source interaction. F-values are computed from Wilks’ lambda using Rao’s

(1973) procedure. The test for the between-subjects (seed source) effect is a

univariate analysis of variance of tree sums (values for each tree are summed

across all repeated measures).

Data from all eight budworm cohorts were included in repeated measures

analysis of larval survival, but only cohorts 1 to 4 were included in the analyses of

the other budworm performance variables that require data from surviving adults.
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Because of greatly reduced larval survival in later cohorts, most trees did not have

budworm adults in one or more of the last four cohorts.

Data from all 1986 samples of current-year foliage were used in repeated

measures analysis of water content and leaf toughness. Only foliage samples

collected from June to September in 1985 were used in repeated measures

analysis of sugars, nitrogen and minerals. During budbreak and early shoot

elongation in 1985 when small quantities of new foliage were available, sampling

intensity was reduced to avoid removing large amounts of potential foliage from

the study trees. Therefore, sugar, nitrogen and mineral data are not available for

some trees, and in some cases one or two whole seed sources, for sample dates

prior to 4 June.

Relationship of Host Susceptibility and Host Phenology

The relationship of host susceptibility to host phenology was examined by

comparing the patterns in budworm performance data (1985) with the seasonal

variation in foliar nutritional traits (1985 and 1986). The value of each foliar trait

on each tree was determined for two points in the larval development of each

budworm cohort: at 25% and 75% of the time required for post-overwintering

larval development based on elapsed degree days during each cohort. Foliar

values were determined at each of these two points for each cohort by

interpolation of the foliar data from the two nearest foliar sample dates. The

25% and 75% points are roughly equivalent to the start of the 3rd larval stage

and early 6th larval stage, respectively, based on the temperature and budworm

development data presented by Regniere (1987). The 25% point therefore

represents the time in development when most larvae in natural populations are

moving from one-year-old foliage to expanding buds or new shoots. It also

represents a point in post—overwintering development near which most mortality
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occurs. The 75% point in development occurs near the start of the period of the

greatest food consumption and weight gain.

Foliar values for early development (25% point) and late development

(75% point) were combined with budworm performance data from each cohort to

form an early development data set and a late development data set. Each data

set consisted of 192 observations (8 cohorts X 24 trees). Relationships between

budworm performance and foliar nutritional traits during early and late

development were evaluated using canonical correlation analysis and regression

techniques.

Canonical correlation analysis is a multivariate technique useful in

analyzing the relationships between two sets of variables (insect performance

variables and host quality variables) in a single procedure. Canonical correlation

produces linear combinations (canonical variates) of the original variables in each

data set that maximize the correlation between the two data sets. Interpretation

of the results is done by examining the "loadings", i.e. the correlations of the

original variables with the new canonical variates (Smith 1981, Sullivan and

Moncreiff 1988). The relationships of budworm performance and host foliar

quality were evaluated using the CANCORR procedure of the SAS system (SAS

Institute, Inc. 1988) in separate analyses for early and late budworm development.

Seed sources and budworm cohorts were pooled in each analysis. Observations

with missing values for any variable were not included in the analysis procedure.

Missing values occurred in some cases for budworm performance variables due to

low larval survival in cohorts 5 to 8 or for foliar variables due to small foliage

samples during budbreak and early shoot elongation. Therefore, 96 observations

from cohorts 3 to 8 were used in the early development analysis, and 152

observations from all eight cohorts were used in the late development analysis.

Canonical scores generated in the canonical correlation analysis were used in an
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ordination procedure (Smith 1981) to map the insect performance-host quality

relationships.



RESULTS

Phenological Window of Susceptibility

Relative Timing of Tree Phenology and Budworm Phenology

The relative timing of phenological events observed among the three white

spruce seed sources in 1985 was consistent with the patterns observed in historical

records for the white spruce provenance test. Bud expansion and budbreak

occurred first in the SASK seed source and followed about one to two weeks later

in the ONT and BC seed sources (Table 2). Budbreak had begun on some trees

in the SASK seed source by Julian date (JD) 120 (equivalent to 234 elapsed

degree days) and was nearly complete by JD 128 (309 degree days). Budbreak in

the ONT seed source occurred during the following week (JD 128-135 and 309-

421 degree days). Timing of budbreak in the BC seed source was similar to that

of the ONT seed source, although 1/4 of the buds measured on the BC seed

source did not break until after JD 135. These results are comparable to the

timing of budbreak in early (228 degree days) and late-flushing clones (322 degree

days) examined by Nienstaedt and King (1970).

Percent shoot elongation in the SASK seed source was one to two weeks

ahead of that in the ONT and BC seed sources (Figure 1). The timing of shoot

growth in the ONT and BC trees was similar, except that the ONT trees appeared

to have a slightly longer growth period. By JD 135, shoot elongation was greater

than 50% on SASK trees, but only 25% and 20% on ONT and BC trees,

24
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Table 2. Bud phenom?! rating and 1piercent of buds burst for three white spruce

seed sources uring April- ay 1985 (N = 32 buds per seed source).

Mean Bud Phenology Percent of

Rating (1 SE) Buds Burst

Julian Accumulated

Date Degree Days SASK ONT BC SASK ONT BC

114 182 2.2 1.0 1.0 0.0 0.0 0.0

(10.1) (10.0) (10.0)

120 234 4.3 3.0 1.9 34.4 0.0 0.0

(10.1) (10.0) (10.1)

128 309 5.8 3.8 3.1 96.9 6.3 0.0

(10.1) (10.1) (10.1)

135 421 6.0 5.9 5.3 100.0 96.9 75.0

(10.0) (10.1) (10.2)

142 481 6.0 5.9 6.0 100.0 96.9 100.0

(10.0) (10.1) (10.0)

149 570 100.0 100.0 100.0
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Figure 1. Shoot elongation of three white spruce seed sources in 1985.
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respectively. Shoot elongation was completed on SASK, ONT and BC trees by

JD 162, JD 176 and JD 169, respectively.

The timing of the placement of the eight spruce budworm cohorts on trees

ranged from three weeks prior to budbreak to about one month after the

completion of shoot growth (Figure 2). Cohort 1 was placed on the trees one to

two weeks prior to budbreak in the early-flushing trees. Cohorts 2 and 3 started

during the budbreak period. Cohort 4 started when new shoots were 50%

elongated on the early-flushing trees, and buds were flushing on the late-flushing

trees. Cohorts 5 and 6 started later in the shoot growth period, and cohorts 7 and

8 followed still later after the cessation of shoot growth. Only cohorts 1, 2 and 3

completed larval development prior to the end of the shoot growth period.

Spruce Budworm Performance

WW3;- Performance of the eight

spruce budworm cohorts was measured by larval survival, pupal survival, adult

weight, length of development period and growth rate. Larval survival averaged

greater than 60% through the first three cohorts, but then substantially decreased

to less than 35% in cohort 4 (Figure 3A). Larval survival further decreased to

less than 10% in each of the last three cohorts. On some trees there were no

survivors in the later cohorts, although this was true for only two of the 24 trees in

the last three cohorts. At least some spruce budworms in each cohort were able

to survive to pupation on each of the seed sources.

Pupal survival was generally high (> 75%) for all cohorts, but was highest

(> 85%) for the later cohorts (Figure 3B). The increase in pupal survival later in

the season may be partly due to the reduced sample size which resulted from low

larval survival. However, it may reflect a reduced effect by natural enemies later

in the season. Remarkably, parasitic ichneumonid wasps were able to sting and
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parasitize budworms by inserting their ovipositors through the cloth surface of the

branch cages. Parasitoids accounted for an average of 36%, 64% and 31% of

pupal mortality in cohorts 1, 2 and 3, respectively. In cohorts 4 through 8,

parasitoids emerged from only two budworm pupae.

The length of the development period from 2nd-stage larva to adult was

measured both in number of calendar days and in degree days (Figure 4).

Because development is temperature-dependent, development time measured in

days is confounded by the effects of increasing temperatures as the growing

season progressed. Degree days provide a unit of developmental time

standardized across changing temperature regimes, and therefore allows more

direct comparison of the effects of cohort timing on development. The number of

days required for development was shallowly sigmoidal initially decreasing from

49.8 days (cohort 1) to 47.5 days (cohort 3) and then increasing to 55.2 days in

cohort 6 (Figure 4). The number of degree days required for budworm

development also was slightly sigmoidal, but generally the number of degree days

increased continuously from 614 degree days in cohort 2 to 972 degree days in

cohort 7 (Figure 4).

The pattern of budworm adult weights among cohorts was similar to the

pattern of larval survival. Weights steadily decreased from an average of 26.0 mg

in cohort 1 to 12.4 mg in cohort 8 (Figure 5A) with the largest decrease in adult

weights occurring between cohorts 3 and 4, dropping from 23.7 mg to 16.7 mg,

respectively.

Budworm growth rates were calculated as mg/degree day. The more

common unit of measure, mg/day, can not be used, because of the confounding

effect of increasing temperatures during the spring and summer. Budworm

growth rates continually decreased from 0.042 mg/degree day in cohort 1 to 0.013

mg/degree day in cohort 8 (Figure 5B).
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A less direct measure of budworm performance in this study is the

variation in defoliation levels. As would be expected with the declining larval

survival, percent defoliation of current-year needles dropped sharply after the

third cohort (Figure 6). Defoliation was generally highest on SASK trees and

lowest on ONT trees. The effect of seed source on defoliation may be partially

due to variation in timing of budbreak, but variation in shoot length and the

quantity of foliage available are also important factors. The average shoot lengths

(based on four mid-crown shoots/tree in 1985 and four mid-crown shoots/tree in

1986) of the SASK, ONT and BC trees were 11.9 cm, 16.9 cm and 13.4 cm,

respectively. A significant (P < 0.001) negative relationship (Y = 118.11 - 0.46 X,

r2 = 0.34) exists between percent defoliation (Y) and average shoot length per

tree (X) for those early budworm cohorts (1, 2 and 3) that had high larval

survival.

The effects of cohort timing and seed source on budworm performance

were analyzed using repeated measures analysis. Cohort timing was a significant

factor (P < 0.001) affecting all performance variables (Table 3). Seed source was

a significant (P 5 0.05) factor for all performance variables except pupal survival.

The interaction between cohort and seed source was not significant (P > 0.05) for

the survival variables, but was significant for length of development, adult weight

and growth rate. Budworm performance within each cohort was generally lower

(lower larval survival, adult weight and growth rate and longer development

period) on the SASK seed source than on the other seed sources (Figures 7A, 8A,

9A and 10A). The same trends are evident when mean tree sums (sums of cohort

values for each tree) are compared among seed sources (Table 4).

WWW- One possible explanation for the

reduced budworm performance on the SASK seed source is the more advanced

phenology of these trees. As a test of this hypothesis, repeated measures analyses
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Table 3. Multivariate repeated measures analysis of spruce budworm

performance in 1985 with budworm cohorts as repeated measures.

Source of Wilks’ F

Dependent Variable1 Variation lambda2 Value Prob.

.Cnhchfi:

Larval Survival (%) Cohort 0.0064 334.76 <0.001

Cohort x Seed Source 0.2876 1.85 0.077

Seed Source 5.64 0.011

mm

Larval Survival (%) Cohort 0.1458 37.10 <0.001

Cohort x Seed Source 0.7258 1.10 0.380

Seed Source 5.39 0.013

Pupal Survival (%) Cohort 0.3441 12.07 <0.001

Cohort x Seed Source 0.8056 0.73 0.634

Seed Source 1.27 0.300

Length of Development Cohort 0.1377 39.65 <0.001

( ays) Cohort x Seed Source 0.2808 5.62 <0.001

Seed Source 7.27 0.004

Length of Development Cohort 0.3053 14.41 <0.001

(degree days) Cohort x Seed Source 0.3543 4.31 0.002

Seed Source 6.72 0.006

Adult Dry Weight (mg) Cohort 0.0659 89.84 <0.001

Cohort x Seed Source 0.4679 2.93 0.019

Seed Source 17.25 <0.001

Growth Rate Cohort 0.0629 94.36 <0.001

(mg/degree day) Cohort x Seed Source 0.3467 4.42 0.002

Seed Source 19.23 <0.001

 

1 Arcsine transformation performed on all survival data prior to analysis.

2 Wilks’ lambda criterion (Morrison 1976) used to com ute F-values for cohort

effect and cohort x seed source interaction using Rao 5 (1973) procedure.
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Table 4. Seed source effect on spruce budworm erformance in 1985

represented as mean sums of cohort v ues for budworm performance

 

 

 

 

variables.

Mean Sums By Seed Source2

Dependent Variablel SASK ONT BC

W

Larval Survival (%) 223.3 b 294.5 a 272.6 a

W

Larval Survival (%) 200.0 b 254.1 a 230.0 ab

Pupal Survival (%) 345.7 a 331.0 a 350.5 a

Length of Development

(days) 197.5 a 192.2 b 196.4 a

Length of Development

(degree days) 2599.8 a 2483.5 b 2549.5 ab

Adult Dry Weight (mg) 76.34 c 104.06 a 89.26 b

Growth Rate

(mg/degree days) 0.120 c 0.171 a 0.142 b

 

1 Arcsine transformation performed on all survival data prior to analysis.

2 Cohort values are summed for each tree. Mean sum = mean of eight tree

sums per seed source. Means within the same row followed b the same letter

are not significantly different (P > 0.05, Tukey’s Studentized ange Test).
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were done using only equivalent cohorts from phenologically similar hosts.

Budworm cohorts 1, 2 and 3 on SASK trees were reclassified as equivalent to

cohorts 2, 3 and 4 on the ONT and BC trees (Figures 7B, 8B, 9B and 108). This

approach was used because the phenology of the SASK seed source was estimated

to be about one week or more ahead of that of the ONT and BC seed sources,

and cohorts 1 to 4 were started at one-week intervals. The combination of

cohorts and seed sources used in this analysis represents three levels of insect-host

synchrony - i.e., budworm cohorts that were started at two weeks prior to

budbreak, at one week prior to budbreak and at the same time as budbreak.

The seed source effect was no longer significant (P > 0.05) for larval

survival and length of development (degree days) when phenologically similar

hosts were used in the analyses (Tables 5 and 6). However, the seed source effect

was still significant for adult weight and growth rate.

1'19: Growth Rage -- Budworm performance was compared with tree

growth rate to indicate how insect performance might be related to the relative

vigor or growth characteristics of the host trees. Tree height varied among seed

sources. The average heights at the end of the 1985 growing season were 3.0, 6.1

and 4.2 m for SASK, ONT and BC trees, respectively. Tree height growth rates

averaged 11.0, 22.7 and 15.7 cm/yr, respectively. These averages are consistent

with height data from the 14 plantations in the white spruce provenance study.

Heights for SASK, ONT and BC trees have been approximately 70%, 130% and

80%, respectively, of plantation mean tree heights (Nienstaedt 1969, Wilkinson

1977b, Wright et al. 1977, Genys and Nienstaedt 1979).

Relationships of budworm performance to tree growth rate were analyzed

with regression techniques. Seed sources were pooled and separate analyses were

done on budworm cohorts from phenologically similar host trees, i.e., cohorts

started two weeks prior to budbreak, cohorts started one week prior to budbreak
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Table 5. Multivariate repeated measures analysis of spruce budworm

performance in 1985 using cohorts from phenologically similar hosts

(cohorts 1-3 of the SASK seed source and cohorts 2-4 of the ONT

and BC seed sources) as repeated measures.

Wilks’ F

Dependent Variablel Source of Variation lambda2 Value Prob.

Larval Survival (%) Cohort 0.3194 21.31 <0.001

Cohort x Seed Source 0.6643 2.27 0.079

Seed Source 0.97 0.397

Pupal Survival (%) Cohort 0.2789 25.86 <0.001

Cohort x Seed Source 0.9485 0.27 0.897

Seed Source 0.75 0.487

Length of Development Cohort 0.3048 22.80 <0.001

(days) Cohort x Seed Source 0.5867 3.06 0.028

Seed Source 3.47 0.050

Length of Development Cohort 0.2565 28.99 < 0.001

(degree days) Cohort x Seed Source 0.8124 1.09 0.372

Seed Source 1.16 0.332

Adult Dry Weight (mg) Cohort 0.1465 58.26 <0.001

Cohort x Seed Source 0.3885 6.04 < 0.001

Seed Source 5.56 0.012

Growth Rate Cohort 0.0808 113.82 < 0.001

(mg/degree day) Cohort x Seed Source 0.3593 6.68 <0.001

Seed Source 6.03 0.008

 

1 Arcsine transformation performed on all survival data prior to analysis.

2 Wilks’ lambda criterion (Morrison 1976) used to co

effect and cohort x seed source interaction using Rao

mpute F-values for cohort

s (1973) procedure.
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Table 6. Seed source effect on spruce budworm performance in 1985 using

cohorts from phenologically similar hosts (cohorts 1-3 of SASK seed

source and cohorts 2-4 of the ONT and BC seed sources). Seed source

effect is represented as mean sums of cohort values for budworm

performance variables.

 

Mean Sums by Seed Source2

 

 

Dependent Variable1 SASK ONT BC

Larval Survival (%) 176.0 a 183.2 a 164.2 a

Pupal Survival (%) 249.9 a 256.2 a 266.3 a

Length of Development (days) 146.4 a 143.1 b 145.0 ab

Length of Development (degree days) 1897.4 a 1869.0 a 1909.7 a

Adult Dry Weight (mg) 62.20 b 74.08 a 64.96 ab

Growth Rate (mg/degree days) 0.100 b 0.122 a 0.104 b

 

1 Arcsine transformation performed on all survival data prior to analysis.

2 Values of three cohorts are summed for each tree. Mean sum = mean of eight

tree sums per seed source. Means within the same row followed by the same

letter are not significantly different (P > 0.05, Tukey’s Studentized Range Test).
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and cohorts started during budbreak. Significant relationships (P 5 0.01) between

budworm performance and tree growth rate exist (Table 7) for those performance

variables that were significantly affected by seed source even when only

phenologically similar cohorts were used in analyses (Table 5). These

relationships were present only in cohorts that started one or two weeks prior to

budbreak. No significant relationships between budworm performance and tree

growth rate were found for budworm cohorts that started at the time of budbreak.

The length of budworm development in days for cohorts starting one or two

weeks prior to budbreak was negatively related to tree growth rate (Figure 11).

Adult weights and growth rates of these same insects were positively related to

the growth rates of the trees (Figures 12 and 13). A weak relationship with tree

growth rate also existed for larval survival of cohorts that started one week prior

to budbreak.

W.. Further analyses were conducted to determine if factors

other than phenological asynchrony and differences in tree phenology and growth

rates may be confounding the observed cohort and seed source effects. Variation

in insect vigor among batches of budworms received from the stock colony and

seasonal variation in temperatures were examined as potential confounding factors

of cohort effects.

Variation in performance among spruce budworm batches was minimal for

insects reared in controlled conditions as part of laboratory feeding studies.

Coefficients of variation (CV) were less than 10.0 for six of the seven

performance variables measured (Tables 8 and 9). Spruce budworm performance

in the field had a much higher level of variation (CV. as high as 103.0) among

budworm batches. This is the expected result for budworm batches placed on

host trees at different points in the host phenology. The differences in

performance values among batches in the field were in most cases 2 to 14 times
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Table 7. Coefficients of determination (r2) for the relationshi of spruce

budworm performance to tree growth rate (cm/yr) or budworm

cohorts started at two weeks prror to budbreak, one week prior to

budbreak and at budbreak in 1985.

 

Timing of Start of Spruce Budworm Cohort

 

 

Budworm Performance 2 Weeks 1 Week

Prior to Prior to

(Dependent Variable) Budbreak Budbreak At Budbreak

Larval Survival (%) 0.15 n.s. 0.19 " 0.06 n.s.

Pupal Survival (%) <0.01 n.s. 0.03 n.s. <0.01 n.s.

Length of Development

(days) 0.33 " 0.31 " <0.01 n.s.

Length of Development

(degree days) 0.10 n.s. 0.03 n.s. 0.02 n.s.

Adult Dry Weight (mg) 0.42 "" 0.56 "" <0.01 n.s.

Insect Growth Rate

(mg/degree day) 0.49 "‘ 0.49 “" <0.01 n.s.

 

n.s., not si ' cant; ‘, significant at P

"’, si ' cant at P5 0.001; for Y =

(cm/71r .

5 0.05; ”, significant at P 5 0.01;

a + b with X = tree growth rate
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Table 8. Comparison of spruce budworm survival rates among 1985 budworm

batches for insects reared on artificial diet in laboratory studies and

for insects in the white spruce field study.

 

Batches Used in Laboratory Studies1

 

January March June2 November Mean1 SD C.V.

 

No. Insects 400 400 200 400

5111162411122)

Larvae 70.5 71.3 - 63.8 68.5 1 4.2 6.1

Pupae 82.5 78.8 -- 94.9 85.4 1 8.4 9.8

Total 58.2 56.2 69.0 60.5 61.0 1 5.6 9.2

 

Batches Used in Field Study3

 

 

April May June

Cohorts Cohorts Cohorts

1-3 4-6 7-8 Mean1 SD C.V.

No. Insects 2180 1445 1120

W

Larvae 64.9 18.7 6.3 30.0 1 30.9 103.0

Pupae 82.7 933 91.8 89.2 1 5.7 6.4

Total 53.3 17.6 5.8 25.6 1 24.7 96.5

 

1 Values for laboratory studies are based on one observation per batch.

Da(t1a for larval and pupal survival not available for June batch in laboratory

stu y.

3 Values for field study are averages based on 72, 71 and 47 caged branches,

respectively, for the three batches.
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Table 9. Comparison of spruce budworm length of development, adult weight

and growth rate among 1985 budworm batches for insects reared on

artificial diet in laboratory studies and for insects in the white spruce

 

 

 

 

 

 

field study. ‘

Batches Used in

Laboratory Studies

Jan. March June Nov. Mean 1 SD C.V.

No. Insects 233 218 138 242

Length of Development1

(days) 40.5 35.8 41.5 38.6 39.1 1 2.5 6.5

Length of Development

(degree days) 666.6 588.1 682.6 634.2 642.9 1 41.7 6.5

Adult Dry Weight (mg) 23.20 27.04 23.29 21.62 23.79 1 2.30 9.7

Growth Rate

(mg/degree day) 0.035 0.047 0.035 0.035 0.038 1 0.006 15.6

Batches Used in Field Study

April May June

Cohorts Cohorts Cohorts

1-3 4-6 7-8 Mean1 SD C.V.

No. Insects 1111 230 64

Length of Development1

(days) 48.5 50.7 53.7 51.0 1 2.6 5.1

Length of Development

(degree days) 622.3 698.5 944.2 755.0 1 168.2 22.3

Adult Dry Weight (mg) 24.85 16.40 12.90 18.05 1 6.14 34.0

Growth Rate

(mg/degree day) 0.040 0.024 0.014 0.026 1 0.013 50.0

 

1 Batch values for each insect performance variable are averages of individual

insect values.
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as great as the standard deviation among batches in the laboratory studies. Thus,

differences among budworm batches in field tests were assumed to be due to

causes other than variation among stock colony batches. Pupal survival was the

only performance variable that had very small differences among batches in the

field (differences < 1.5 times the standard deviation in the laboratory). An

interesting point in these comparisons of laboratory and field-reared insects is that

the performance values for the first budworm batch in the field (cohorts 1 to 3 -

i.e., those insects that were most Closely synchronized with tree phenology) were

quite similar to the mean performance values for the laboratory-reared insects.

Repeated measures analysis of field temperature data revealed that the

daily average temperature, daily maximum temperature and number of degree

days per day did not differ significantly (P > 0.05) among cohorts 1 to 4 (Table

10). However, when cohorts 5 through 8 were added incrementally to the

analysis, there was in each case a significant difference among cohorts for each of

the three temperature variables. Daily maximum temperatures greater than 30 °C

occurred only once prior to 1 July (JD 182). During the period in which cohort 7

was on the trees (JD 176-226), 17 of 50 days had maximum temperatures greater

than 30 °C. However, no temperatures greater than 33.5 °C were recorded during

the course of this study. Higher temperatures later in the season are not

considered to be a serious confounding factor, because they were present several

weeks after the major changes in budworm performance occurred.

Spruce Budworm Survivorship Curve

The pattern of the spruce budworm survivorship curves is the same for

both early (April-June) and late (June-July) cohorts in the 1987 survivorship

experiment (Figure 14). More than 85% of the total larval mortality occurred by
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Table 10. Daily average temperatures, dail maximum temperatures and degree

days per day during the period at eight spruce budworm cohorts

were caged on white spruce in 1985.

 

   

 

   

 

Daily . Daily

Average Maximum

Tern . Tem . De ee Days

(°C (°C er Day

# Days

Cohort in Field Mean SE. Mean SE. Mean SE.

1 45 13.3 1 0.58 22.8 1 0.61 11.3 1 0.55

2 43 13.7 1 0.58 23.3 1 0.61 11.6 1 0.54

3 42 14.0 1 0.59 23.4 1 0.64 12.0 1 0.57

4 43 13.9 1 0.52 23.2 1 0.62 11.8 1 0.51

5 49 15.4 1 0.55 24.8 1 0.59 13.3 1 0.52

6 51 16.4 1 0.57 25.6 1 0.60 14.2 1 0.55

7 51 19.3 1 0.40 28.1 1 0.43 17.1 1 038

8 50 19.0 1 0.42 25.5 1 0.53 17.0 1 0.41

F F F

Cohort Effect1 Value Prob. Value Prob. Value Prob.

Cohorts 1-4 0.49 0.688 0.21 0.886 0.51 0.677

Cohorts 1-5 3.81 0.011 2.71 0.045 4.32 0.006

Cohorts 1-8 28.91 < 0.001 13.93 < 0.001 31.88 < 0.001

 

1 Repeated measures analysis using cohorts as repeated measures.
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the time most budworms had become 3rd instars, thus demonstrating a "type A"

survivorship curve (sensu Price 1984). These results are comparable to the

survivorship curve developed by Morris and Miller (1954) for field populations of

spruce budworms.

The trends in budworm performance in this 1987 experiment agree with

the results of the 1985 experiment. Larval survival and adult weight were much

higher and the degree days required for development were much fewer in the

early cohort than in the late cohort (Table 11). Larval survival in the early cohort

in 1987 (43%) was, however, about one-third less than larval survival in the first

three cohorts in 1985 (Figure 3A). This may be partly due to the earlier start of

the first cohort in 1987, which caused the young budworm larvae to be on the

trees for one to two weeks longer prior to budbreak than were larvae of the first

cohort in 1985. The early cohort in 1987 was placed on the trees at 40 fewer

accumulated degree days (133 vs 173) and at one to two weeks earlier in terms of

host phenology (four to five weeks vs three weeks prior to budbreak on ONT

trees) than cohort 1 in 1985. However, peak pupation occurred at ca. 85% shoot

elongation for both the early cohort in 1987 and cohort 1 in 1985.

The timing of the late cohort in 1987 was slightly later than that of the

sixth cohort in 1985. The late cohort in 1987 was placed on the trees at ca. 90%

shoot elongation. Cohort 6 in 1985 was started at ca. 60% shoot elongation.

Peak pupation occurred at ca. three weeks after the end of the shoot growth

period for both the late cohort in 1987 and cohort 6 in 1985.

The within-branch locations of the budworm larvae were recorded during

branch examination in 1987 as an indication of larval feeding sites (Table 12).

Prior to budbreak, most 2nd and 3rd—stage larvae of the April-June cohort were

either mining the previous year’s needles or were situated in webbing among the
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Table 11. S ruce budworm performance for the two budworm cohorts in the

1 87 survivorship experiment.

 

  

 

 

 

April-June June-July

Cohort Cohort

Budworm Performance N Mean (18E) N Mean (18E)

Larval Survival (%) 10 43.0 (15.8) 10 6.2 (1 1.8)

Pupal Survival (%) 10 84.2 (15.6) 7 81.0 (114.3)

Adult Dry Weight (mg) 77 30.9 (10.7) 10 13.8 (1 1.2)

N Medianl N Median

Length of Development (days) 77 61.0 10 47.9

Length of Development

(degree days) 77 780.5 10 905.2

 

1 Median values are given for length of develo ment because more than one-

third of surviving insects in the April-June co ort had completed development

prior to the time of final branch examination.
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Table 12. Avera e larval stage and distribution of spruce budworm larvae on

caged ranches in relation to timing of budbreak during the 1987

survivorship experiment.

 

  

  

 

 

A ril-June June-July

ohort Cohort

Number of Number of

Weeks Prior Weeks After

to Budbreak Budbreak

-1 0 +4 +5 +6 +7

Average Larval Stagel 2.9 4.6 2.8 33 4.6 6.0

Total Number Larvae 102 93 50 24 13 16

smmmm

1W

Old Needles - Mines 14.7 1.1 2.0 0.0 0.0 0.0

Old Needles -- External 39.2 10.7 0.0 0.0 0.0 0.0

Vegetative Budsz 40.2 64.5

New Needles - Mines --- -- 22.0 16.7 0.0 0.0

New Needles - External m -- 54.0 50.0 76.9 81.2

Moving or Not On Branch 5.9 23.7 22.0 33.3 23.1 18.8

 

1 Average instar number.

2 Vegetative buds were present only during the April-June cohort. Expanded

shoots with new needles were present only during the June-July cohort.
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bases of those needles. As the vegetative buds became swollen, more larvae were

located next to or within the buds. After budbreak the older larvae fed primarily

on foliage of the newly expanding shoots.

Larvae of the June-July cohort were rarely found on or in the previous

year’s foliage (Table 12). Almost all of the needle mining done by young larvae

in this cohort occurred in the new needles of the expanding shoots. As the larvae

matured they continued feeding almost exclusively on new foliage.

Larval counts from the first two sample dates of the early cohort were

lower than all later larval counts in that cohort. Apparently many larvae were not

detected during those early branch examinations because of the extreme difficulty

of finding the smallest 2nd instars as they mined old needles and vegetative buds.

Data from these two dates have not been included in Figure 14 and Table 12.

This problem did not exist in the late cohort, because buds were not present at

that time, and due to warmer temperatures most larvae that were alive at the first

sample date were more easily found because they were larger 3rd instars.

Seasonal Variation in Host Nutritional Traits

The timing of budbreak and shoot growth phenology were very similar for

1985 and 1986. Budbreak in the early-flushing SASK seed source occurred

between 28 April and 8 May, or at 200-300 accumulated degree days in both

years. Fifty percent shoot elongation on SASK trees occurred at ca. 13-14 May

and 400-410 degree days in both years. The same between-year similarities

occurred for ONT and BC trees, however the timing of phenological events in

these seed sources was 7-10 days and 100-125 degree days later than that of the

SASK seed source.
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Current-Year Foliage

All measured nutritional traits in current-year foliage varied significantly (P

5 0.001) among sample dates (Table 13). For most of these traits the greatest

quantitative changes occurred during the period of active shoot growth. A seed

source effect and a sample date x seed source interaction were also significant (P

5 0.05) for several traits (Table 13). Mean sums of repeated measurements were

used to compare individual seed sources (Table 14).

Ms -- Total foliar sugar (fructose + glucose + sucrose) in new foliage

was at its highest levels near the middle of the shoot elongation period and then

generally decreased during the summer months (Figure 15). The earliest sample

date for which sufficient foliage was available for sugar analyses was 17 May (JD

137). The highest total sugar levels observed on SASK trees (15.0%) occurred on

that date. SASK trees at that time had reached 60% shoot elongation. ONT

trees had reached 30% shoot elongation at that time and had a total sugar level

of 14.4%. Twelve days later at about 60% shoot elongation the total sugar level

in ONT trees peaked at 15.5%. This difference in the timing of the peak levels of

total sugar may be the result of the difference in timing of phenology between the

SASK and ONT seed sources. However, the pattern does not appear to hold for

the late-flushing BC seed source which has a trend similar to that of the early-

flushing SASK seed source.

WW- Total nitrogen and phosphorous levels in current-

year foliage were highest in the swelling buds, declined rapidly at the time of

budbreak, and then remained low through the summer (Figure 16). Prior to

budbreak, ONT trees had the highest levels of both nitrogen and phosphorous.

However, the slightly lower levels in SASK trees may be due to the advanced

phenology of that seed source. Data for the first sample date (1 May) are based

on a sub-sample of trees (three trees each for SASK and ONT sources and one
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Table 13. Multivariate repeated measures analysis of total sugar, total nitrogen

and mineral content of current-year foliage in June-September 1985

and water content and toughness of current-year foliage in May-

August 1986 with sample ates as repeated measures.

 

 

Dependent Source of Wilks’ F

Variable Variation lambdal Value Prob.

Total Sugar Date 0.1818 15.30 < 0.001

Date x seed source 0.4121 1.90 0.080

Seed source 1.97 0.165

Nitrogen Date 0.2524 13 1.30 < 0.001

Date x seed source 0.1898 4.40 <0.001

Seed source 2.67 0.093

Phosphorous Date 0.0266 124.58 < 0.001

Date x seed source 0.2833 2.99 0.008

Seed source 11.79 < 0.001

Potassium Date 0.0278 118.94 < 0.001

Date x seed source 0.3555 2.30 0.034

Seed source 3.53 0.048

Calcium Date . 0.0549 58.53 < 0.001

Date x seed source 0.4068 1.93 0.075

Seed source 1.05 0.368

Magnesium Date 0.0777 40.34 <0.001

Date x seed source 0.2997 2.81 0.012

Seed source 1.80 0.190

Manganese Date 0.1141 26.40 < 0.001

Date x seed source 0.1530 5.29 <0.001

Seed source 8.80 0.002

Copper Date 0.1097 27.58 <0.001

Date x seed source 0.6150 0.94 0.514

Seed source 3.47 0.050

Iron Date 0.2999 7.94 < 0.001

Date x seed source 0.3751 2.15 0.047

Seed source 3.59 0.046

Sodium Date 0.1859 14.89 < 0.001

Date x seed source 0.5124 1.35 0.245

Seed source 1.95 0.167



Table 13 (cont’d.).
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Dependent Source of Wilks’ F

Variable Variation lambdal Value Prob.

Zinc Date 0.1660 17.09 < 0.001

Date x seed source 0.3397 2.43 0.026

Seed source 1.53 0.239

Water Content Date 0.0044 1009.45 <0.001

Date x seed source 0.0402 17.94 <0.001

Seed source 6.58 0.006

Toughness Date 0.0072 623.22 <0.001

Date x seed source 0.0727 12.19 <0.001

Seed source 1.93 0.170

 

1 Wilks’ lambda criterion (Morrison 1976) was used to compute F—values for date

effect and date x seed source interaction using Rao’s (1973) procedure.
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Table 14. Seed source effects on foliar characteristics represented as mean sums

of repeated measurements for current-year fohage variables.

 

Mean Sums By Seed Source]

 

 

Foliar Trait Units SASK ONT BC

Total Sugar % dw 63.2 a 69.5 a 68.1 a

Nitrogen % dw 7.38 a 7.44 a 7.99 a

Phosphorous mg/g dw 10.46 a 10.67 a 12.82 b

Potassium mg/g dw 54.30 a 60.23 ab 66.47 b

Calcium mg/g dw 20.93 a 20.17 a 18.17 a

Magnesium mg/g dw 6.61 a 7.11 a 7.12 a

Manganese mg/g dw 2.92 a 3.83 ab 4.76 b

Copper ug/g dw 27.8 a 31.9 a 32.6 a

Iron ug/g dw 239.6 a 195.2 b 203.8 ab

Sodium yg/g dw 171.0 a 177.6 a 195.6 a

Zinc rig/g dw 2603 a 278.3 a 240.6 a

Water Content % fw 332.1 a 340.2 b 336.6 ab

Toughness g 2878.8 a 3095.4 a 2817.2 a

 

1 Sum of repeated measurements = sum of six sample dates (total sugar, total

nitrogen and minerals in June-September 1985) or five sample dates (water

content and toughness in May-August 1986) per tree.

N = 8 trees for each mean. Means within the same row followed b the same

letter are not significantly different (P > 0.05, Tukey’s Studentized ange Test).
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Figure 15. Seasonal variation of total sugar in current-year foliage of three seed
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tree for BC source), however these higher levels of nitrogen and phosphorous in

the swelling vegetative buds agree with seasonal patterns generally observed in

plant foliage (Mattson et a1. 1983, Mattson and Scriber 1987).

The levels of potassium in ONT and BC trees decreased from averages of

17-18 mg/g (dw) in mid-May to less than 10 mg/g by mid-July (Figure 17A). In

contrast, potassium levels in SASK trees increased during shoot elongation from

12.6 to 15.5 mg/g, and then decreased to levels during the rest of the summer that

were significantly lower (P _<, 0.05) than those of BC trees (Table 14).

Levels of calcium, magnesium, copper and zinc in current-year foliage

decreased and then increased over the course of the spring and summer (Figures

17B, 18A, 19A, 20B). The decreases occurred during shoot elongation. The

increase in calcium began in early June at the end of the shoot elongation period,

and by September reached levels 60% to 90% higher than those of mid-May.

Increases in magnesium, copper and zinc occurred later in the summer and

yielded end-of-season levels not substantially different from those of mid-May.

Trends in the levels of manganese, iron and sodium are less clear, although

the levels of manganese and iron generally increased during the summer (Figures

18B, 19B, 20A). SASK trees had significantly (P _<_ 0.05) lower levels of

manganese than were found in BC trees and significantly higher levels of iron

than were found in ONT trees (Table 14).

WW-- Water content of the current-year

foliage in 1986 peaked at ca. 80%, soon after budbreak in mid-May and then

steadily decreased during the shoot growth period to less than 60% by mid-July

(Figure 21A). The patterns of variation in water content were very similar among

seed sources, however, the peak and decline of water content in the early-flushing

SASK seed source were about one to two weeks advanced over that of the other

two seed sources.
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Figure 18. Seasonal variation of (A) magnesium and (B) manganese in

current-year foliage of three seed sources in 1985.
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Toughness of the newleaves, on the other hand, increased rapidly during

the period of shoot elongation (Figure 213). The more advanced phenology of

the SASK seed source was again indicated by an earlier increase in toughness.

However, the pattern of increasing toughness in SASK trees differed from that of

the other two seed sources. Toughness increased rapidly in SASK leaves up to

582 g in late May (JD 146), when new shoots were 90% elongated. Leaf

toughness continued to increase but at a slower rate throughout the summer until

reaching a peak of 843 g in mid-August (JD 224). In contrast, leaves on ONT

and BC trees increased in toughness only during the period of shoot elongation

(early June). However, leaf toughness at the end of this period on these seed

sources peaked at higher values (965 g and 899 g, respectively) than occurred a

full two months later on SASK trees.

One-Year-Old Foliage

One-year-old foliage was sampled from all trees at less than one week

prior to budbreak on the earliest-flushing trees (equivalent to one to two weeks

prior to budbreak on late-flushing trees). These samples were analyzed as was

current-year foliage for nitrogen, nine minerals, water and toughness (Table 15).

The levels of many of these foliar traits were similar to the levels observed in

current-year foliage at the end of the summer (Figures 1621). However, water

was one of the major exceptions to this trend. Water content of old foliage was

ca. 46%, about one-fifth less than the mid-August level of 57% in new foliage.

Relationship of Host Susceptibility to Host Phenology

The relationships between budworm performance and host quality were

examined in two ways using host foliar values occurring during early larval
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Table 15. Mean values (_tSE) of 12 foliar characteristics of one-year-old foliage

on three white spruce seed sources sampled less than one week prior

to budbreak on the earliest-flushing seed source.

 

  

 

< 1 Week 1-2 Weeks

Prior to Prior to

Budbreak Budbreak

N per

Foliar Trait1 Units Mean SASK ONT BC

Nitrogen % dw 3 1.12 1.21 1.22

(j; 0.04) (_+_ 0.08) (.i 0.02)

Phosphorous mg/g dw 3 1.46 1.45 1.49

(_+_- 0.07) (i 0.12) (i 0.09)

Potassium mg/g dw 3 6.97 6.80 6.70

(,1 0.79) (i 0.61) (3; 0.69)

Calcium mg/g dw 3 5.24 5.77 4.61

(1 0.96) (i 0.41) (i 0.73)

Magnesium mg/g dw 3 1.09 1.19 1.15

(i: 0.06) (_+_- 0.03) (i 0.01)

Manganese mg/g dw 3 1.01 1.36 1.44

(_+_- 0.29) (_4; 0.22) (i 0.21)

Copper pg/g dw 3 3.51 4.53 4.11

(i 0.16) (_+_- 0.44) (i 0.14)

Iron ug/g dw 3 55.2 47.2 39.0

(_+_- 11.2) (i 11.6) (i 0.73)

Sodium ug/g dw 3 22.4 22.0 28.6

(i 0.7) (i 2.4) (i 3.2)

Zinc ug/g dw 3 60.5 68.0 54.6

(i 10.0) (_t 7.6) (_+_- 5.2)

Water Content % fw 8 46.0 46.5 45.7

(i 0.005) (1 0.002) C: 0.003)

Toughness g 80 859.4 965.5 890.5

(i 12.2) (i 6.2) (i 9.6)

 

1 Nitrogen and minerals sampled on 1 May 1985. Water content and toughness

samp ed on 28 April 1986.
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development and those during late larval development. All data used in these

analyses except foliar levels of water and toughness were collected in 1985.

Values of water and toughness were determined for each observation in the data

set by interpolation of water and toughness data from 1986 using the appropriate

elapsed degree day values for early and late larval development.

Canonical Correlation Analyses

Budworm performance and host quality data were first analyzed using

canonical correlation techniques. The relationships revealed by these analyses are

similar for foliar traits during both early and late larval development, although the

relative importance of some variables differed (Table 16).

Four pairs of canonical variates (linear combinations of original variables)

were produced for each of the two analyses (early foliar traits and late foliar

traits). Each pair of canonical variates consists of an insect performance variate

and a host quality variate. However, biologically meaningful relationships were

demonstrated in only the first pair of canonical variates in each analysis. Lack of

meaningful relationships in the second, third and fourth pairs of canonical variates

was indicated by low loadings (absolute values < 0.50) for almost all variables

and by low levels of redundancy. Redundancy is a measure of the proportion of

variance in one set of original variables (here, insect performance) that is

explained by the canonical variate of the other data set (host quality) (Smith

1981). The redundancy estimates for the first pair of canonical variates were

69.4% in the early foliar trait analysis and 76.1% in the late foliar trait analysis.

Redundancy was 3% or less for each of the other three pairs of canonical variates

in each of the two analyses. The canonical correlation between the insect

performance variate and the host quality variate was 0.95 for the first canonical

variate in both the early and the late foliar trait analyses.
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Table 16. Canonical correlation analysis of insect performance and host quality

using host foliar values during early larval development and late larval

 

 

 

development.

Correlation of Original Variable

With First Canonical Variate

Early Larval Late Larval

Development Development

Variables (Cohorts 3-8)’ (Cohorts 1-8)

Wage:

Larval Survival 0.877 0.909

Length of Development1 -0.905 -0.920

Adult Dry Weight 0.779 0.882

Growth Rate 0.932 0.959

W:

Total Sugar 0.622 0.588

Nitrogen 0.964 0.692

Phosphorous 0.919 0.737

Potassium 0.679 0.788

Calcium -0.309 -0.736

Magnesium 0.541 0.138

Manganese -0.195 -0.558

Copper 0.478 0.241

Iron 0.092 -0.347

Sodium 0.255 -0.136

Zinc 0.628 0033

Water Content2 0.858 0.984

Toughnessz -o.9oo .0354



74

Table 16 (cont’d.)

 

 

Early larval Late Larval

Development Development

(Cohorts 3-8) (Cohorts 1-8)

mm 0.952 0.950

Redundancy’ 0.694 0.761

 

1 Length of development measured in degree days.

2 Water content and toughness data collected in 1986. All other data collected in

1985.

3 Proportion of variance in original insect performance variables explained by

host quality canonical variate.
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The patterns of loadings for insect performance variables in the first

canonical variate were consistent between the early foliar trait analysis and the

late foliar trait analysis. Larval survival, adult dry weight and growth rate were

positively correlated, whereas length of development was negatively correlated

with the first canonical variate. All correlations of insect performance with the

first canonical variate had absolute values of greater than 0.77 in each analysis.

Thus, the first canonical variate for these four variables provides a strong linear

representation of insect performance.

In the analysis of foliar traits during early larval development, the host

quality variables that had the highest loadings (absolute values greater than 0.85)

were nitrogen, phosphorous, water content and toughness. Nitrogen, phosphorous

and water content were positively correlated whereas toughness was negatively

correlated with the first canonical variate. A second grouping of host quality

variables includes total sugar, potassium and zinc with positive loadings of 0.62,

0.68 and 0.63, respectively. A weak positive relationship is also indicated for

magnesium with a loading of 0.54.

In the analysis of foliar traits during late larval development, water content

and toughness again had high loadings (0.98 and -0.85) in the first canonical

variate. However, nitrogen and phosphorous with loadings of 0.69 and 0.74 were

less strongly correlated with the first canonical variate than in early larval

development. Potassium had a high positive correlation of 0.79, and calcium had

a high negative correlation of -0.74. Weak relationships were indicated for total

sugar and manganese with loadings of 0.59 and -0.56, respectively.

The results of the canonical correlation analyses indicate that insect

performance was positively correlated with foliar levels of water, nitrogen,

phosphorous, potassium and total sugar and negatively correlated with leaf

toughness during both periods of early and late larval development. There also
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were positive relationships between insect performance and magnesium and zinc

levels during periods of early larval development, and negative relationships

between insect performance and calcium and manganese levels during late larval

development. Insect performance did not appear to be related to levels of

copper, iron or sodium.

Bivariate plots of data used in canonical correlation analysis were

examined to evaluate the data for non-linear relationships that might affect the

level of correlation. Insect performance had slightly non-linear relationships with

water content and toughness during early larval development and with calcium

during late larval development. However, all of these relationships approximated

linearity, and these host quality variables had high loadings on the first canonical

variate.

Ordination of Canonical Scores

An ordination technique using two-dimensional plots of canonical scores

(Smith 1981) provides a useful way to compare insect performance and host

quality relationships among seed sources and budworm cohorts. Separate plots

were prepared for each seed source using canonical scores from the canonical

correlation analysis of late larval development (Figures 22-24). Each point on a

plot represents one cohort on one tree (number indicates cohort). Three groups

of cohorts are indicated on each plot: cohorts 1 to 3 were started at weekly

intervals from 23 April to 7 May; cohorts 4 to 6 were started at weekly intervals

from 14 May to 28 May; and cohorts 7 and 8 at monthly intervals on 25 June and

23 July.

The ordination technique clearly illustrates the positive relationship

between host nutritional quality and insect performance. Host quality and insect

performance both decrease with progressively later budworm cohorts. These
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changes occur quickly during the spring (cohorts 1 to 6), but only slight changes

occur during the summer (cohorts 6 to 8). Seed source differences can also be

seen among the plots. Cohorts 1 to 3 had the best host quality and performed the

best on the ONT seed source (Figure 23). Comparison of the locations of cohorts

1 to 4 on the three plots reveals the effects of the earlier phenology of the SASK

seed source. These points on the SASK plot are shifted more to the lower left

than on the ONT and BC plots. Among ONT and BC trees, insect performance

in cohorts 1 to 3 changed only slightly while host quality was decreasing.

Regression Analyses

Regression analysis of budworm performance and host quality was

performed using larval survival and individual foliar traits. Bivariate plots of

budworm performance data with foliar trait data revealed that the relationships of

larval survival, adult weight and budworm growth rate with individual foliar

variables were nearly identical. The relationships of length of development with

foliar variables were, as expected, opposite to that of the other three budworm

performance variables. Therefore, larval survival is presented here as an overall

indicator of budworm performance in regression analysis.

The results of regression analysis support the conclusions of the canonical

correlation analyses. The strongest relationships between survival and foliar

variables were with levels of nitrogen, phosphorous, water and toughness during

early larval development and levels of phosphorous, potassium, calcium, water,

and toughness during late larval development. These results were obtained using

the same data set used in the canonical correlation analyses. However, some

additional data, that were not included in canonical correlation analyses because

of the requirement of a balanced data set, were available for regression analysis.

These data included observations from branches that had 0% larval survival in
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some later cohorts and data for nitrogen, phosphorous, water and toughness

during early development in cohorts 1 and 2. The following discussion of

individual foliar variables is based on regression analyses of data sets including

these additional observations.

Larval survival was positively associated with foliar levels of total sugar,

nitrogen, phosphorous, potassium and water and negatively associated with foliar

levels of calcium and toughness (Figures 25-31). The general trends of these

relationships were the same for foliar levels during early larval development and

during late larval development. However, in several cases the strength of

association or the pattern (linear vs. non-linear) of the relationships did vary

between early and late development. All regression equations illustrated in

Figures 25-31 are significant (P < 0.01). As indicated by canonical analysis, the

positive relationship between larval survival and total sugar (Figure 25) was

relatively weak (r2 < 0.40). This relationship was similar for foliar levels of sugar

during both early larval development and during late larval development.

The relationships of larval survival with levels of nitrogen and phosphorous

were very similar (Figures 26 and 27). Foliar levels of nitrogen and phosphorous

varied much more during early larval development than during late larval

development. Nitrogen had a range of 1% to 6% and phosphorous had a range

of 1 to 10 mg/g during early larval development. Larval survival was positively

associated with nitrogen, up to nitrogen levels of about 2.5% to 3%. Thereafter,

survival appeared to level off or possibly decline, although there were few

observations in this category. A similar non-linear relationship existed between

larval survival and the level of phosphorous during early larval development.

Larval survival was greatest at phosphorous levels of at least 4 to 5 mg/g. The

levels of nitrogen and phosphorous during late larval development varied over

much smaller ranges. Nevertheless, regression analysis revealed highly significant
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relationships (P < 0.0001) between larval survival and the foliar levels of these

nutrients during late larval development.

Larval survival was also positively associated with the levels of potassium

but negatively associated with the levels of calcium during late larval development

(Figures 28 and 29). A weak relationship also existed between survival and

potassium levels during early larval development.

The relationships of larval survival with foliar levels of water and toughness

were non-linear for foliar levels during early larval development and linear for

levels during late larval development (Figures 30 and 31). Larval survival was low

(< 40%), when water content was < 75% and toughness was > 300 g during

early larval development.

Among the other foliar nutrients measured, regression analyses revealed

minor relationships (r2 < 0.25) between larval survival and foliar levels of

magnesium, manganese and zinc. Survival was positively associated with

magnesium and zinc levels during early larval development and negatively

associated with manganese levels during late larval development.

Many models of relationships between budworm performance variables and

two or more foliar variables were developed with multiple regression techniques.

For each budworm performance variable (survival, weight, growth rate and length

of development), there were always several significant (P _<_ 0.05) models. It was

difficult to select only a few models that best described the relationships of

budworm performance with host quality. Three and four-variable models that

explained a high proportion of the variation in budworm performance (r2 > 0.7)

frequently excluded some foliar variables that previous analyses (canonical

correlation and individual regressions) had indicated were important. This

multiplicity of highly significant models is due to a high level of intercorrelation

among many of the foliar variables measured in this study (Tables 17 and 18).
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Table 17. Pearson correlation coefficients1 among 10 major foliar variables for

foliar levels during early larval development (cohorts 3-8, N = 136).

 

 

Tough-

N P K Ca Mg Mn Zn Water ness

Total

Sugar .54 .53 .42 -.38 .22 -.17 .24 .68 -.62

N -- .95 .62 -.27 .55 "‘ .56 .75 -.84

P - -- .72 -.39 .54 "‘ .49 .81 -.86

K -- -- -- -.52 .49 -.27 .30 .78 -.72

Ca -- -- -- -- .29 .50 .43 -.62 .46

Mg -- -- - -- - .22 .74 .32 -.40

Mn -- - -- - -- -- .19 -.39 .31

Zn -- -- -- -- -- - -- .27 -.37

Water -- -- - -- -- -- -- -- -.91

 

1 All correlations, except those marked with an asterisk, are significant

(P5 0.05).
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Table 18. Pearson correlation coefficients1 among 10 major foliar variables for

foliar levels during late larval development (cohorts 1-8, N = 192).

 

 

Tough-

N P K Ca Mg Mn Zn Water ness

Total

Sugar .39 .38 .38 -.42 “ ‘ "' .58 -.46

N -- .91 .64 -.40 .36 " .21 .71 -.76

P -- -- .76 -.54 .35 -.21 ‘ .79 -.79

K -- -- -- -.57 .31 -.33 " .80 -.70

Ca -- -- -- -- .36 .51 .59 -.72 .55

Mg -- -- -- -- -- .35 .65 " -.19

Mn -- -- -- -- -- -- .24 -.47 .40

Zn __ __ __ __ .. __ __ a .

Water -- -- -- -- -- - -- - -.87

 

1 All correlations, except those marked with an asterisk, are significant

(P 5 0.05).
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Thus, several foliar variables may be good "predictors" of budworm performance,

but the determination of which foliar variable(s) are biologically important to

budworm performance will be best done using experimental diets (Harvey 1974,

McLaughlin 1986, Clancy et al. 1988b, Mattson et al. 1990). Perhaps the

canonical analyses provide the best representation of the relationship between

budworm performance and foliar properties. These analyses incorporate,

simultaneously, most of the variables that one would expect to be important in

regulating the growth and development of folivores.



DISCUSSION

Defining the Window of Susceptibility

Although the concept of a "window of susceptibility" in plants to herbivores

has been in the literature for years, and in the everyday parlance of entomologists

and ecologists (Mattson et a1. 1982), this study is the first to comprehensively test

the hypothesis, and to furthermore offer substantive support for it. Owing to the

rather widespread and casual use of the term, window of susceptibility, there

seems to be no precise definition for it except as implied in Mattson et al. (1982),

i.e. growth and survival of the herbivore outside of the putative "window" is

ecologically negligible. In other words, very few insects are capable of surviving

and reproducing if they initiate or terminate feeding outside of the boundaries of

the putative window.

In the case of white spruce and the spruce budworm, the window for

successful development begins shortly before budbreak and terminates near the

end of the period of active shoot elongation. This means that to achieve

ecologically meaningful grth and reproduction, budworms must begin and finish

growing between these temporal limits of the window. For example, budworm

larval survival, adult weights and growth rates were highest for the first three

cohorts that started feeding prior to or during budbreak and ended feeding and

larval development by the time that shoot elongation ended. Later cohorts were

substantially less successful than the first three, owing to greatly diminished

survival and growth.

93
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The window of susceptibility in white spruce may begin as early as four

weeks prior to budbreak. The earliest cohorts in 1985 and 1987 began three and

four weeks, respectively, before budbreak and had good success as measured by

all performance variables. However, the survival of the cohort starting four weeks

ahead of budbreak was less than expected from those starting three weeks or less

before budbreak. Outbreaks of western spruce budworm epidemics in British

Columbia have been associated with years when larval emergence preceded

budbreak by 17-18 days (Thomson et al. 1984). Synchrony of larval emergence

and host budbreak is also important for many other species of tree-feeding

defoliators (Embree 1965, von Schonbom 1966, Wickrnan 1976, Witter and

Waisanen 1978, Leather 1986, Turgeon 1986, Du Merle 1988).

The end of the window of susceptibility is associated with the end of active

shoot growth. Budworms placed on the trees at the time of budbreak, in most

' cases, did not complete larval development until shortly after the end of shoot

elongation. These insects, which include cohort 3 on SASK trees and cohort 4 on

ONT and BC trees, were developing at the later limits of the window of

susceptibility. The largest decreases (38%-53%) in larval survival occurred

between cohort 3 and cohort 4 in each seed source (Figure 7). Only seven days

separated the starting time for development of these two cohorts in the field.

These results indicate a rather abrupt end of the window of susceptibility.

Shepherd (1985) similarly observed high survival when western spruce budworm

larvae emerged prior to swelling of buds, but very low survival when larval

emergence occurred nearer to the time of budbreak. Strong et al. (1984) cited

several examples in which insect-host asynchrony of only one or two weeks caused

greatly reduced performance in insect herbivores. Thus, the phenological window

can be interpreted as a race between the herbivore and the host plant. The insect
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feeds on a plant that is rapidly deteriorating in food quality owing to nutrient

dilution and buildup of tissue fiber content, and perhaps defenses too.

The beginning of the window of susceptibility in white spruce coincides

well with the normal peak of spring emergence of overwintering larvae (ca. 100

accumulated degree days). However, budworm-tree asynchrony can occur with

budworm phenology either too advanced or too retarded in relation to tree

phenology (Blais 1957, Beckwith and Bumell 1982, Thomson et al. 1984, Raske

1985, Shepherd 1985). The cause of asynchrony may be related to differences in

mechanisms controlling the emergence of larvae and the initiation of vegetative

growth. Larval emergence is determined primarily by ambient air temperatures

(Thomas 1976), although photoperiod also plays a role (Harvey 1958). On the

other hand, initiation of vegetative growth is determined by soil temperatures as

well as air temperatures (Cleary and Waring 1969, Lavender et al. 1973, Beckwith

and Bumell 1982, Volney 1985).

Budworm-tree asynchrony was associated with the collapse of two western

spruce budworm epidemics in British Columbia (Thomson et al. 1984).

Asynchrony likewise occurred for three consecutive years (1981-83) during the

collapse of the recent spruce budworm epidemic in Newfoundland (Raske 1985).

In the latter case, larvae became active in the spring of each year at about two

weeks after budbreak on balsam fir. This timing would be approximately

equivalent to one week after budbreak on white spruce. Although parasitoids and

diseases accounted for some larval mortality in these collapsing populations, many

larvae died of unknown causes during the later instars.



96

Seed Source Effects

A seed source effect was present for all budworm performance variables

except pupal survival (Table 3). In most cases budworm performance was lower

on the early-flushing SASK seed source (Table 4). Is seed source effect related to

different timing of phenology among the seed sources? Analyses of

phenologically similar hosts (Tables 5 and 6) indicated that phenological

differences among seed sources accounted for most of the seed source effect on

two budworm performance variables: larval survival (Figure 7) and length of

development in degree days (Figure 8). The effect is particularly evident for

length of development. The shortest budworm development time (in degree days)

occurred in cohort 1 on SASK trees, in cohort 2 on ONT trees and in cohorts 2

and 3 on BC trees (i.e. the same relative order of tree phenology). Thus,

budworm development required the fewest degree days for those insects that

began spring larval development at two weeks prior to budbreak. The seed

source effect on other budworm performance variables (growth rate, adult weight

and length of development in days), however, was apparently related to some

factor other than, or in addition to, phenological differences.

The seed sources used in this study are from widely separated parts of the

white spruce range and have several factors other than phenological differences

that could affect insect performance. As with other plant species, many

morphological and physiological traits vary among widely separated populations of

white spruce (Wilkinson et al. 1971, Nienstaedt and Teich 1972, Nienstaedt 1985,

Khalil 1986). The BC seed source is from a spruce hybrid zone in the western

part of the white spruce range and may be affected by introgression with

Engelmann spruce. Variation in susceptibility to insects among rangewide spruce

seed sources has been recorded for the eastern spruce gall adelgid (Adelges abietis
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(L.)) on white spruce (Canavera and DiGennaro 1979) and the green spruce

aphid (Elatobium abietinum (Walker)) on Sitka spruce (Day 1984).

Effects of Tree Growth Rate

Despite the many inherent differences possible among the seed sources, a

single variable, tree growth rate, appeared to account for much of the seed source

effect that was not due to phenological differences. As noted above, a significant

seed source effect still existed for length of development in days, growth rate and

adult weight of budworms even after phenological differences were removed.

These three variables were strongly associated with tree growth rate. Length of

budworm development in days was negatively correlated and budworm growth

rate and adult weight were positively correlated with tree growth rate (Figures 11,

12 and 13). These relationships existed for insects that were placed on host trees

prior to budbreak, but not for those placed on trees during the time of budbreak.

One possible explanation of the effect of tree growth rate on insect

performance is competition within the host tree for allocation of resources to

growth and differentiation processes. Plants that are differentiation-dominated

are inherently slow-growing and adapted to resource-limited environments. They

generally have tougher, less digestible tissues owing to higher levels of cellulose

and lignin and defensive compounds such as polyphenols and terpenoids (Coley et

al. 1985, Bazzaz et al. 1987, Coley 1987, 1988, Loehle 1988). The SASK trees had

the slowest growth rates and are probably adapted to drier sites than are trees of

the other seed sources in this study. The relative growth rates of the seed sources

correspond to the relative amounts of average annual rainfall at their sites of

origin. Annual rainfall was reported by Nienstaedt (1963) to be 28 cm/yr for the
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SASK seed source (slowest-growing), 50 cm/yr for the BC seed source, and 85

cm/yr for the ONT seed source (fastest-growing).

Temporal variation in the allocation of resources may explain why tree

growth rate affected insects that began feeding prior to budbreak, but did not

significantly affect those that began feeding during budbreak. The proportions of

plant resources allocated to growth and to differentiation vary seasonally (Mooney

et al. 1983, Lorio 1986, 1988). Allocation of resources to purely growth processes

is highest in the early spring. Later, as new leaves finish growing, differentiation

processes dominate and more resources are allocated for maturation and

defenses. Budworms that started feeding prior to budbreak completed larval

development during the period of active shoot growth. Those that started feeding

during budbreak completed development at or shortly after the end of shoot

elongation. It is possible that this latter group was exposed to less digestible and

better defended tissues for a longer period.

Therefore, insects placed on trees during or after budbreak would

encounter much less suitable food resources during their later larval stages. But,

these are the crucial stages in which the greatest increases in body weight occur

(Retnakaran 1983). Plant maturation processes that reduce the digestibility of

foliage would be expected to negatively affect folivore weight gain and growth rate

and to increase time of development. These are, in fact, the budworm

performance variables most affected by tree growth rate.

Relationship of Host Susceptibility to Host Phenology

Results of canonical correlation and regression analyses both suggest that

budworm performance is positively correlated with foliar levels of total sugar,

nitrogen, phosphorous, potassium and water, and negatively correlated with
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calcium and leaf toughness. Because of the intercorrelation among many of these

foliar traits, it is difficult in a field study such as this to "tease out" and identify

key factors affecting host susceptibility. However, several strong, consistent

relationships do exist.

Comparison of the timing of changes in budworm performance and

changes in levels of foliar traits can be used to identify potential relationships.

The greatest reductions in larval survival occur during early larval stages. At this

time, nitrogen, phosphorous, water and toughness are the foliar traits that exhibit

the greatest variation and, therefore, could be considered as a suite of candidates

for key factors affecting larval survival. Most of larval weight gain occurs during

the last larval stage (Retnakaran 1983). At this time, phosphorous, potassium,

calcium, water and toughness are the foliar traits that have the greatest variation

and, therefore, could be considered as a suite of candidates for key factors

affecting weight gain. However, the magnitude of effect that changes in foliar

quality have on budworm performance may vary with larval age. For example,

one hypothesis states that the performance of young larvae tends to be much

more sensitive to changes in host quality than is that of older larvae (Scriber and

Slansky 1981, White 1984).

Key Foliar Traits

Imam - The levels of total sugars in new foliage were highest near

the middle of the shoot elongation period. This pattern is consistent with earlier

observations of foliar sugars in white spruce (McLaughlin 1986) and balsam fir

(Little 1970). A weak positive relationship exists between budworm performance

and levels of total sugars. Sugars are potent feeding stimulants for spruce

budworm larvae (Heron 1965, Albert and Jerrett 1981, Albert 1982, Albert et al.

1982, Albert and Parisella 1985). Budworm weight and development rate increase
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as dietary levels of sugars increase to an optimal level (Harvey 1974; McLaughlin

1986; F. Lo, unpublished data). Harvey (1974) determined that glucose, fructose

and sucrose (the most common sugars of current-year foliage in conifers) have

equivalent nutritional value for the spruce budworm. Thus, from a nutritional

point of view, the total amount of sugars are probably more important than the

proportion of individual sugars.

Foliar levels of sugars in this study were adequate for budworm

development in all cohorts. It is not likely that variation in sugar levels was a

major determinant of variation in budworm performance among cohorts.

However, increased sugar levels during shoot growth may have elicited increased

larval feeding in the early cohorts.

Nitrogen - Quantitative variation in nitrogen followed the pattern typical

of most plants (Mattson 1980, Mattson et al. 1983, Mattson and Scriber 1987).

Nitrogen levels were highest in swelling buds and decreased rapidly during early

shoot growth. The importance of nitrogen to insect performance has been well

documented for many phytophagous insects (McNeill and Southwood 1978,

Mattson 1980, Scriber and Slansky 1981, Scriber 1984a, 1984b, White 1984,

Mattson and Scriber 1987) as well as for spruce budworms specifically (Harvey

1974, Mattson et al. 1983, Montgomery and Czapowskyj 1985, Brewer et al. 1985,

1987, McLaughlin 1986, Cates et al. 1987, Mattson et al. 1990).

Budworm performance was strongly correlated with nitrogen levels,

particularly with levels occurring during early larval development. Larval survival

was positively correlated with nitrogen levels during early larval development up

to ca. 2.5% to 3% (dw) for total nitrogen. Only a few observations were available

at higher nitrogen levels, but generally larval survival did not increase with higher

levels. Similarly, Brewer et al. (1985, 1987) reported that performance of the
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western spruce budworm peaked at foliar nitrogen levels of 2.4% to 2.5% and

decreased at both higher and lower levels.

Nitrogen in plant tissue varies qualitatively as well as quantitatively during

a growing season. Young tissue has higher levels of amino acids, soluble proteins

and nitrogen-based secondary compounds, while older tissue has higher levels of

structural or insoluble protein (Mattson 1980). Seasonal variation of several

amino acids in white spruce foliage has been documented (Durzan 1968).

L-proline and amino acid/base fractions of foliage from white spruce and other

host species have been shown to be mild feeding stimulants for the spruce

budworm (Heron 1965, Albert 1982, Albert and Parisella 1985). Arginine is the

foliar amino acid that makes up the largest portion of protein in budworm larvae,

although it does not act as a feeding stimulant itself (Heron 1965, Durzan and

Lopushanski 1968).

Minerals - Seasonal variation among mineral elements was consistent with

patterns observed in other conifers (Chapin and Kedrowski 1983, Clancy et al.

1988a, Hockman et al. 1989) and most other plants (Mattson and Scriber 1987).

Among the mineral elements measured, increased budworm performance was

most closely correlated with increased levels of phosphorous, potassium and zinc

and with decreased levels of calcium. The pattern of variation of phosphorous is

an exponential decrease during the growing season that closely follows the change

in levels of nitrogen. Thus, the same phenological relationships existing between

budworm performance and nitrogen also exist for budworm performance and

phosphorous. Potassium decreases at a slower rate during the growing season

than do nitrogen and phosphorous, and therefore budworm performance was

more closely associated with levels of potassium during late larval development

rather than early larval development. Budworm performance was positively



102

associated with zinc levels during early larval development and negatively

associated with calcium levels during late larval development.

Little information is available on the levels of mineral elements in insect

tissues and the dietary requirements of insects for mineral elements. However,

results of most studies indicate that phosphorous, potassium and magnesium are

the dominant mineral elements in insect tissues (Mattson and Scriber 1987).

Phosphorous, copper, zinc, iron and sodium in spruce budworms (Mattson et al.

1983) and copper and zinc in western spruce budworms (McLean et al. 1983)

have been measured at levels that are at least twice that of host tree foliage.

Water -- Water content of current-year foliage peaked at more than 80%

soon after budbreak and decreased to less than 60% by early July. Chrosciewicz

(1986) observed a nearly identical pattern for white spruce and similar patterns

with slightly lower peaks for balsam fir, black spruce and jack pine (Pinus

banksiana Lamb.). Budworm performance in this study was highly correlated with

water content of foliage during both early and late larval development. The

positive relationship between leaf water content and the performance of

folivorous insects has been well documented for many insect species (Scriber

1977, 1978, Scriber and Slansky 1981, Scriber 1984b).

The general trend of decreasing water content in maturing foliage occurs in

most, if not all, plants (Scriber 1984b). It is closely correlated with declining

levels of nitrogen. Because of the consistency in phenological variation in water

and nitrogen levels, and their crucial roles in governing the course of plant

physiology (Agren 1985, McIntyre 1987), these two variables are valuable as

indicators of the entire chemical and physiological "gestalt" of a host plant

(Mattson and Scriber 1987).

Ionglmess -- Leaf toughness increased dramatically during shoot

elongation and was strongly negatively correlated with decreased budworm
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performance. Toughness is related to the levels of compounds that together

comprise "fiber" (lignin, silica, pectin, cellulose, hemicellulose, etc.) and structural

components such as sclerenchyma fibers and bundle sheaths (Huang 1975, Huang

and Fuhrer 1979, Vincent 1982, Hagen and Chabot 1986, Mattson and Scriber

1987). Leaf toughness has frequently been associated with reduced levels of

herbivory or reduced insect performance (Feeny 1970, Huang 1975, Huang and

Fuhrer 1979, Coley 1983, Lowman and Box 1983, Raupp 1985, Hagen and Chabot

1986). Bauce and Hardy (1988) reported that increased rawfiber content of

current-year foliage was related to previous defoliation of balsam fir and caused

decreases in pupal weight, larval developmental rate and survival of spruce

budworms.

Leaf toughness and water content are generally negatively correlated and

together can be considered as a measure of sclerophylly (Lechowicz 1983).

Seasonal variation of these two variables more clearly demonstrated the

phenological differences among seed sources in this study than did any other

foliar traits. Thus, leaf toughness and water content may be highly important

factors that affect larval survival and length of development in degree days, i.e.

those budworm performance variables that are associated with phenological

differences among seed sources.

W- The potential role of secondary compounds was

not evaluated in this study; however, the evidence available to date does not

indicate a strong relationship between secondary compounds and resistance to the

spruce budworm. Phenolic compounds seem to have little or no deleterious effect

on spruce budworm or western spruce budworm performance at the levels found

in host foliage (Cates et al. 1983a, 1983b, Mattson et al. 1983, Wagner and Blake

1983, Cates and Redak 1988). The role of foliar terpenes is less clear. In some

cases budworm performance in field tests has been negatively correlated with
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measures of various terpene levels during later larval instars, although the trends

are inconsistent (Cates et al. 1983a, 1983b, Mattson et a1. 1983, Cates and Redak

1988). Laboratory tests with artificial diet containing levels of monoterpenes

comparable to those found in host foliage have had results that differ between

insect species. Bornyl acetate concentrations were negatively correlated with

western spruce budworm performance (Cates et al. 1987), but bornyl acetate and

six other monoterpenes had little or no effect on spruce budworm performance

(Mattson et al. 1990).

Foliar Traits of the Window of Susceptibility

The extent of the window of host susceptibility to the spruce budworm can

be described in terms of temporal events (bud and shoot phenology, dates and

degree days), as discussed above, and in terms of foliar traits. Ordination of

canonical scores (Figures 2224) provides one view of the extent of the window of

susceptibility along a composite axis of foliar traits. The zero-point on the insect

performance axis closely (and somewhat coincidentally) defines the window of

white spruce susceptibility to the spruce budworm. Points located in the upper

two quadrants of the ordination plots (Figures 22-24) lie within the window of

susceptibility. These points include cohorts l, 2 and part of 3 for the early-

flushing SASK seed source and cohorts 1, 2, 3 and part of 4 for the ONT and BC

seed sources. The lower limit of the window of susceptibility in terms of foliar

traits corresponds to a value of ca. -0.3 on the host quality axis.

A multi-dimensional estimate of the window of susceptibility can be

constructed by examining the ranges of individual foliar traits for which the

herbivore can successfully survive and grow (Mattson et al. 1982). A summary of

ranges of foliar trait values associated with points in the upper quadrants of the

ordination plots (Figures 22-24) provides a 13-dimensional estimate of the window
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of white spruce susceptibility to the spruce budworm (Table 19). The ranges of

most foliar trait values within the window of susceptibility are comparable to

optimal dietary levels that have been estimated for the spruce budworm (Harvey

1974, Mattson and Koller 1983) and other folivorous Lepidoptera (Mattson and

Scriber 1987). One exception is the level of calcium which is 4 to 17 times

greater than the estimated minimally optimal level (Mattson and Scriber 1987).

A two-dimensional foliar trait space has often been used to describe insect

herbivore-host plant relationships. Foliar levels of nitrogen and water are good

indicators of relative growth rate and approximate digestibility for many insect

herbivores (Scriber and Slansky 1981, Scriber 1984a, 1984b). Foliar levels of

nitrogen and water that existed during early larval development accurately define

the window of white spruce susceptibility to the spruce budworm (Figure 32).

Larval survival was highest when water content was greater than 75% and the

level of total nitrogen was greater than 2%. A clear relationship is also

demonstrated for leaf water content and toughness (Figure 33), the two foliar

traits likely to be the key factors in determining white spruce susceptibility to the

spruce budworm. Larval survival was greatest when water content and toughness

during early larval development were greater than 75% and less than 200 g,

respectively.

Effects of Insect-Tree Phenological Asynchrony

When spruce budworm phenology is too advanced in relation to host tree

phenology, the 2nd-stage larvae must remain on older foliage for an extended

period prior to budbreak. Older foliage clearly has lower nutritional value (Table

15 and Mattson et al. 1983). Nutrient levels in one-year-old foliage in early spring

are in many cases similar to values existing at the end of summer for current-year

foliage. Moreover, water content is even lower than the end-of-summer levels.
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Table 19. Ran e of values for foliar traits during early larval development and

late arval development within the phenological window 0

 

 

susceptibility.

Foliar Trait Units Eigzlrigggr IDaetIfefirmaelnt

Total Sugar % dw 11.6 - 17.4 9.80 - 16.7

Nitrogen % dw 1.70 - 5.84 1.12 - 2.12

PhOSphorous mg/g dw 2.47 - 9.94 1.67 - 3.88

Potassium mg/g dw 10.9 - 20.7 10.9 - 19.9

Calcium mg/g dw 1.43 - 5.18 1.27 - 3.47

Magnesium. mg/g dw 1.05 - 1.89 0.98 - 1.48

Manganese mg/g dw 0.225 - 0.833 0.233 - 0.946

Copper ug/g dw 5.14 - 17.14 4.35 - 10.20

Iron Its/g dw 24.5 - 42.4 20.3 - 43.4

Sodium ng/g dw 24.1 - 80.7 18.0 - 48.7

Zinc rag/g dw 41.6 - 72.1 30.7 - 57.8

Water Content % fw 71.7 - 82.8 65.9 - 81.8

Toughness g 5.0 - 263.0 27.0 - 802.0

 



 

L
A
R
V
A
L

S
U
R
V
I
V
A
L

 

 

 
 

(1M Mo %) NBS-OBLIN 'Iv1o1

0
-
4
0
%

 
 
 

5
O

6
0

7
O

8
0

9
0

W
A
T
E
R

C
O
N
T
E
N
T

(
%
F
r
e
s
h
W
t
)

F
i
g
u
r
e

3
2
.

R
e
l
a
t
i
o
n
s
h
i
p
o
f
p
e
r
c
e
n
t

l
a
r
v
a
l
s
u
r
v
i
v
a
l
a
n
d

f
o
l
i
a
r
l
e
v
e
l
s
o
f
t
o
t
a
l
n
i
t
r
o
g
e
n
a
n
d
w
a
t
e
r
d
u
r
i
n
g
e
a
r
l
y
l
a
r
v
a
l

d
e
v
e
l
o
p
m
e
n
t
.

107



 

1
2
0
0

L
A
R
V
A
L

S
U
R
V
I
V
A
L

1
0
0
0

l

u
.
0
"
0
.
.
.
.

.
0
'
4
0

0
/
0

8
0
0
~

-
-
.
-

-

l

6
0
0

.
a

.
'

.
1
.

.

.
--

'-
>
4
0

7.
.

4
0
0
-

I
I
"
.

(5) SSBNH'SI‘IOL

>
6
0
%

2
0
0

—
.

 
 

0
1

l
l

I
.

-
l

'
5
.
.
.

u
‘
w
l

.
1

5
0

6
0

7
O

8
0

9
0

W
A
T
E
R

C
O
N
T
E
N
T

(
%
F
r
e
s
h
W
t
)

 

F
i
g
u
r
e

3
3
.

R
e
l
a
t
i
o
n
s
h
i
p
o
f
p
e
r
c
e
n
t

l
a
r
v
a
l
s
u
r
v
i
v
a
l
a
n
d

f
o
l
i
a
r
l
e
v
e
l
s
o
f
t
o
u
g
h
n
e
s
s
a
n
d
w
a
t
e
r
d
u
r
i
n
g
e
a
r
l
y

l
a
r
v
a
l

d
e
v
e
l
o
p
m
e
n
t
.

108



109

One cause of larval mortality during this period is increased larval dispersal as

larvae search for suitable feeding sites (Beckwith and Burnell 1982). In this study,

where larvae were caged on branches and- prevented from dispersing, the typical

pattern of high mortality levels among young larvae still existed. Thus, I

hypothesize that extended feeding on poor nutritional quality diets is also a major

cause of young larval mortality.

When spruce budworm phenology is retarded in relation to host tree

phenology, reduced budworm performance is obvious for many performance

variables. Survival, growth rates and weights are dramatically reduced. Increased

development time allows an increased period of exposure to predators.

Decreased body weight is correlated with decreased fecundity (Miller 1957).

Larvae feeding on older current-year foliage generally have a higher relative

consumption rate, a lower relative growth rate and lower efficiency of food

utilization (Blake and Wagner 1986, Thomas 1987, 1989).

Implications for Forest Pest Management

The results of this study impact on at least two areas of forest pest

management: modelling pest population dynamics and tree improvement

strategies. Although numerous models of spruce budworm and western spruce

budworm population dynamics have been developed in recent years (Simmons et

al. 1984, Sheehan et al. 1989), better understanding of the effects of insect-host

asynchrony on budworm survival and fecundity is needed, because it will allow

more precise modelling of budworm population fluctuations. Models could be

developed that describe temperature effects on the levels of insect-host

asynchrony, the phenological limits of the windows of susceptibility for all host

tree species and the effects of varying levels of asynchrony on budworm survival
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and fecundity. Much of the data required for a spruce budworm-white spruce

phenological synchrony model has been provided by this study.

The effects of seed source differences in phenology and grth rate on

spruce budworm performance have important implications for future tree

breeding strategies. White spruce is a popular species in tree improvement

programs in north central and northeastern United States and throughout Canada

(e.g. Bongarten and Hanover 1982, Carter and Simpson 1985, Rauter 1985,

Fowler 1986, Nienstaedt and Kang 1987, Fowler and Morgenstem 1990).

However, reduced interest in planting white spruce in some areas has resulted

from, among other reasons, the susceptibility of white spruce to damage from the

spruce budworm and damage from late spring frosts (Rauter 1985, Blum 1988).

Breeding for delayed budbreak has been suggested as both a method of inducing

budworm-tree asynchrony, and thereby increasing resistance to the spruce

budworm (Blum 1988), and as a method to reduce damage due to spring frosts

(Nienstaedt and King 1970, Nienstaedt 1985).

Breeding for delayed budbreak may not be a practical solution to these

problems. Nienstaedt (1985) and Blum (1988) concluded that some gain in

lateness of budbreak could be achieved, although it would be costly. It is also

questionable whether enough gain could be achieved to overcome the

phenological plasticity of the spruce budworm. In my study, budworms were able

to perform well even when budbreak occurred three to four weeks after the larvae

were placed on the trees. Other studies indicate that there is wide variability ~

within and among populations of the spruce budworm and the western spruce

budworm for rates of spring emergence in response to temperature (Rose and

Blais 1954, Thomas 1976, Volney et al. 1983, Volney 1985).

Based on the results of my study, it might be suggested that advancing the

host window, rather than delaying it, may be more effective in reducing
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susceptibility to the budworm. The end of the phenological window is very

abrupt, and reduction in budworm performance is dramatic. However, advancing

the end of the window, would involve selecting for an earlier date of growth

cessation, a trait that is controlled largely by photoperiod (Nienstaedt 1974), and

may result in the undesirable trait of reduced tree height growth.

Loehle and Namkoong (1987) have raised another concern, i.e. that

breeding for increased growth rate may adversely affect defensive capabilities of

trees. Resources that are allocated within the tree to growth are not available for

defense or other differentiation processes (Coley et al. 1985, Bazzaz et al. 1987,

Coley 1988, Loehle 1988). The positive relationship between tree grth rate and

spruce budworm performance in my study supports this hypothesis. In contrast,

apparent negative relationships between tree growth rate and insect performance

exist for some other herbivore guilds, e.g. bark beetles (Hard 1985). However,

negative relationships involving bark beetles are largely based on phenotypic

variation in tree vigor and growth rates in response to variation in forest stand

density (Mitchell et al. 1983, Hard 1985, Matson et al. 1987). Further studies are

needed to determine the roles that genotypic variation in tree growth rates and

seasonal variation in tree growth-differentiation relationships (see Lorio 1988)

play in tree susceptibility to bark beetles. Nevertheless, the results of my study

underscore the need for caution in tree breeding programs when selections are

based primarily on tree grth traits.

Recommendations for Future Research

There are several areas where we lack the knowledge required to fully

develop models of budworm-tree synchrony. Comprehensive studies should be

undertaken to determine the phenological windows in other host tree species
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(balsam fir, red spruce, black spruce). More detailed information is needed about

the role of phenological windows in the differential susceptibility of host tree

species. Regniere (1987) has suggested several areas in which we lack

fundamental knowledge about budworm and host tree phenology - e.g.

mechanisms controlling budworm diapause termination, variability in budworm

responses to temperature and developmental responses of larvae feeding on old

foliage and various host species. A more detailed examination of the plasticity of

spring emergence rates among and within budworm populations should be done

prior to large investments in breeding programs for delayed budbreak.

A better understanding is needed of the allocation of resources to tree

growth and differentiation processes as it relates to tree susceptibility to the

spruce budworm. What are the mechanisms causing reduced performance of

asynchronous budworms? Sclerophylly (tough leaves with low water content)

appears to be the major factor reducing budworm performance in my study. Are .

there specific defensive compounds produced by host trees that also reduce

budworm performance? If so, patterns of phenological variation of such

compounds and their roles in the competitive allocation of resources need to be

determined.



CONCLUSIONS

White spruce has a sharply defined phenological window of susceptibility to

the spruce budworm, a period of about eight weeks in Michigan.

The phenological window for successful development of the spruce budworm

commences about three weeks prior to budbreak and ends at the cessation of

shoot elongation, Spruce budworm performance was also high for cohorts

that started feeding as early as four weeks prior to budbreak and no later

than budbreak. Total performance was best for those insects that started

feeding two weeks prior to budbreak. Larvae that began during this period

were able to complete larval development prior to the end of shoot

elongation.

At least a few spruce budworms were able to survive and develop to adults

during all test periods between late April and early September, demonstrating

the physiological plasticity within the species.

Variation among white spruce seed sources in their suitability for larval

survival and length of development (degree days) was clearly linked to their

differences in phenology.

113



114

Variation among white spruce seed sources in their suitability for total

budworm growth, growth rate and length of development (days) was clearly

linked to tree growth rate. Competition within host trees for allocation of

resources to growth processes and to maturation and defense processes may

explain the effect of tree growth rate.

Although budworm survival was much higher in April-June, budworms

developing in June-July had the same survivorship curve: more than 85% of

total larval mortality occurred by the time most surviving larvae were 3rd

instars.

When young larvae were placed on trees three to four weeks prior to

budbreak, the majority of them fed on old foliage. On the other hand, when

young larvae were placed on trees at about three weeks after budbreak, they

fed almost exclusively on current-year foliage. The latter group was observed

mining new needles in the manner typical of larvae mining old needles in

early spring.

Increased budworm performance was most strongly correlated with higher

foliar levels of water and lower levels of leaf toughness. Water content and

leaf toughness were the two foliar traits that most closely reflected the

relative differences in timing of phenology among the three white spruce seed

sources. Together, these two foliar traits represent a measure of sclerophylly

and are likely to be the key factors that define the phenological window of

susceptibility.
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Among the other foliar traits, increased budworm performance was strongly

correlated with higher levels of total nitrogen and phosphorous. Weaker

positive relationships existed between budworm performance and higher

levels of total sugars, potassium and zinc and lower levels of calcium.

In some cases the relationship between budworm performance and foliar

traits differed between foliar levels present during early larval development

and the levels of the same traits present during late larval development.

For example, budworm performance was more closely correlated with early

than late foliar levels of total nitrogen, phosphorous, zinc and toughness. On

the other hand, performance was more closely correlated with late than

early foliar levels of potassium and calcium.
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