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ABSTRACT

Snowshoe hares avoid feeding upon winter-dormant woody plant 

species, growth stages and parts that contain high concentrations of 

deterrent secondary plant metabolites. Winter browse that is highly 

palatable to snowshoe hares is also high quality food for these hares: 

snowshoe hares maintain weight in winter when fed highly palatable 

browse, but do not maintain weight when fed unpalatable browse. A 

theory is presented that accounts for the allocation of resources to 

secondary plant metabolites on both evolutionary and physiological time 

scales. This theory predicts that: (1) Slowly growing woody plants 

adapted to growth on nutrient-deficient soils or in deep shade will have 

more effective constitutive antiherbivore defenses than more rapidly 

growing woody plants adapted to growth in early stages of succession on 

fertile soils. (2) Juvenile woody plants will be more strongly selected 

for antiherbivore defenses than adult woody plants. (3) Ontogenetic 

variation in the effectiveness of antiherbivore defenses will usually be 

greater in rapidly growing than slowly growing woody plants. (4) A  

widespread juvenile reversion of rapidly growing woody plants caused by 

severe winter hare browsing in the peak phase of the hare cycle is a 

partial cause of the cycle. Evidence for this theory is presented.
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INTRODUCTION

Efforts have been made to explain the foraging behavior of 

vertebrate herbivores in terms of energetic or nutritional optimization 

(eg. Westoby 1974; Moss 1975; Belovsky 1978, 1981, 1984; Sinclair et al.

1982). This theoretical framework is insufficient to explain the winter 

foraging behavior of vertebrate herbivores in boreal forests, because 

the browse species, growth stages and plant parts preferred by these 

herbivores are often low in nutrients (eg. nitrogen, phosphorus and 

energy) as compared to many low-preference species, growth stages and 

parts (Bryant and Kuropat 1980). Thus the primary purpose of this study 

was to determine what plant properties influence selective use of 

winter-dormant woody plants by boreal vertebrate herbivores with 

particular emphasis upon use of winter-dormant woody plants by snowshoe 

hares (Lepus americanus) in Alaska.

Although the generalizations developed during this study emphasize 

interactions between snowshoe hares and winter-dormant boreal woody 

plants, I have attempted to develop a conceptual framework of sufficient 

generality to extend to all woody plant-herbivore interactions. This 

theory assumes that plant physiological adaptation to the physical 

environment, particularly adaptation to physical disturbance and the 

availability of resources in the environment, determines the potential 

evolutionary responses of plants to herbivory.

5
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I have also assumed that plants are subject to age-specific 

variation in the intensity of certain selective pressures. For example, 

browsing by vertebrates is a selective pressure that is often most 

intense during the juvenile growth phase. Consequently I argue that the 

evolutionary response of woody plants to herbivory is most strongly 

expressed during the juvenile growth phase.

From these assumptions I have predicted certain evolutionary and

physiological responses of woody plants to winter browsing by snowshoe 

hares. The first two papers in the appendix of this thesis (Bryant and 

Kuropat 1980; Bryant et al. 1983a) present the theoretical arguements 

leading to these predictions. The remaining four papers (Bryant 1981;

Bryant et al. 1983b; Bryant et al. in press; Reichardt et al. in press)

provide experimental tests of these predictions.

THEORETICAL CONSIDERATIONS

Vertebrate Herbivore Selective Use of Boreal Woody Plants

Boreal forest vertebrate herbivores feed selectively upon twigs of 

rapidly growing, early successional woody plants that are adapted to 

growth in fertile soils on frequently disturbed sites, for example 

feltleaf willow (Salix alaxensis). Low preference browse species are 

usually slowly growing evergreens such as black spruce (Picea mariana) 

or nitrogen-fixing species such as alder (Alnus) and Sheperdia

6
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canadensis that are adapted to growth on infertile soils or in deep 

shade. This choice of food is not a consequence of energetic or 

nutritional optimization, because plant species, growth stages and plant 

parts rejected by vertebrate herbivores often contain higher 

concentrations of energy and nutrients than preferred foods. Thus other 

factors, such as toxic secondary plant metabolites, must strongly 

influence vertebrate herbivore use of boreal woody plants (Bryant and 

Kuropat 1980).

Evolution of Plant Antiherbivore Defenses by Boreal Woody Plants

Plants occurring on infertile soils (associated with late 

successional stages in boreal regions) or in shade generally cannot 

acquire sufficient resources to support rapid growth. The evolutionary 

response to resource limitation has been an inherently slow growth rate. 

Such plants grow slowly even in the most favorable environments and have 

low capacities for photosynthesis and to absorb nutrients (Grime 1977; 

Chapin 1980). Although growth is slow, plants and plant parts tend to 

be long-lived. Thus long-lived evergreen species are commonly found in 

the most nutrient-deficient or shaded sites (Small 1972; Chapin 1980; 

Coley 1983). Slow turnover of plant parts is advantageous in a 

low-nutrient environment, because every time a plant part is shed, it 

carries with it approximately half its nitrogen and phosphorus pool 

(Chapin 1980); such nutrients are not readily replaced. However, 

greater leaf longevity carries with it certain disadvantages. First a 

long-lived leaf is more likely to encounter unfavorable physical

7
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conditions. The high fiber content, low water content and thick cuticle 

of many evergreen leaves may be in part an evolutionary response to 

unfavorable conditions such as winter desiccation or summer drought 

(Levitt 1976). Such characteristics also lower the palatability and 

digestibility of forage to herbivores (Mould and Robbins 1982; Coley

1983) and thus may also be an evolutionary response to herbivory. 

Secondly, long-lived leaves are available for attack by herbivores and 

pathogens for a longer time than short-lived leaves and therefore have a 

greater probability of being attacked before being shed (Feeny 1976; 

Rhoades and Cates 1976). The obvious evolutionary response in slowly 

growing evergreens has been the production of secondary chemicals that 

deter and are often toxic to herbivores or pathogens (Bryant and Kuropat

1980; Bryant et al. 1983a; Coley 1983).

Evergreen species also differ from deciduous species in their lack 

of major storage organs in stems or roots. Thus leaves and twigs 

comprise a larger proportion of total biomass in evergreen than in 

deciduous species and are the source of stored nutrients to support 

growth (Kozlowski 1971; Kramer and Kozlowski 1979). This resource 

allocation strategy greatly limits their capacity to replace destroyed 

above-ground parts through compensatory growth (Kozlowski 1971; Garrison

1972; Kramer and Kozlowski 1979). Thus these plants have a low

physiological capacity to replace tissues eaten by herbivores and are 

therefore expected to be strongly selected for chemical defenses that 

deter herbivore attack (Bryant and Kuropat 1980; Bryant et al. 1983a; 

Coley 1983). Furthermore, because allocation of carbon to growth in 

these species is strongly nutrient-limited (Chapin 1980), their chemical
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defenses, which are carbon-based substances such as shikimates and 

isoprenoids (McKey 1979; Rhoades 1979), may be relatively inexpensive 

for the plant to produce.

Species that have evolved in fertile soils on disturbed sites have 

been selected to grow rapidly so as to outcompete their neighbors and 

thus dominate available light and mineral resources. Thus these species 

have been strongly selected to allocate resources to growth at the 

expense of defense. Adaptation to physical disturbance of above-ground 

parts also entails selection for large below-ground carbon and nutrient 

reserves that can be used in support of compensatory growth following 

disturbance (Kozlowski 1971; Garrison 1972; Kramer and Kozlowski 1979). 

In short, these plants are preadapted to respond to herbivory through 

compensatory growth (Klein 1977; Bryant and Kuropat 1980; Bryant et al. 

1983a). This preadaptation further reduces the intensity of selection 

for antiherbivore defenses.

These rapidly growing species often have high leaf and twig 

turnover rates. New leaves and twigs are produced at the top of the 

canopy of adult plants where the light environment is more favorable 

than that in the lower canopy. The shaded lower leaves and twigs then 

develop a negative carbon balance and are shed (Kozlowski 1971; Kramer 

and Kozlowski 1979; Mooney and Gulmon 1982). Moreover, the inevitable 

nutrient loss associated with rapid leaf and twig turnover is not a 

strong selective influence on these plants, because nutrients are 

readily available in early successional sites on fertile soils. 

Therefore, moderate pruning of inefficient lower branches does not

9
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negatively affect growth of adult plants (Kozlowski 1971; Kramer and 

Kozlowski 1979). Such pruning should not strongly select these plants 

for antiherbivore defenses.

In summary, there are several reasons to expect slowly growing, 

late successional woody plants to be strongly selected for constitutive 

antiherbivore defenses. Their long-lived leaves and twigs are expensive 

to replace if lost to an herbivore because (1) the necessary nitrogen 

and phosphorus are in short supply in a low-nutrient environment, and 

rates of carbon fixation are low in a low-light environment, and (2) 

leaves and twigs constitute the major storage organs of evergreen 

plants, and reserves therefore cannot be mobilized from other plant 

parts to replace leaves and twigs eaten by herbivores. On the other 

hand, early successional woody plants are primarily selected to allocate 

resources to growth. This adaptation limits their ability to allocate 

resources to defense. Adaptations that enable these species to replace 

above-ground parts destroyed by physical forces, eg. wildfire, preadapt 

these species for the ability to compensate for herbivory through 

growth. Moreover, moderate pruning of lower branches in adult 

individuals is not detrimental and may be beneficial. Thus these 

rapidly growing woody plants are not expected to be strongly selected 

for constitutive antiherbivore defenses.

Age Specific Selection for Antiherbivore Defenses

Woody plants in boreal forests are at particularly high risk of 

vertebrate browsing during the juvenile growth phase (eg. Aldous and

10

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Aldous 1944; Grange 1949, 1965; Dodds 1960; DeVos 1964; Pease et al. 

1979; Wolff 1980a,b). Because the reproductive value of an organisim is 

greatest near first reproduction (Fisher 1958; Roughgarden 1979) and 

because severe browsing delays reproductive maturity (Kozlowski 1971; 

Zimmerman 1975,1981; Kramer and Kozlowski 1979), heavy browsing of 

juvenile-phase woody plants can be expected to have a strong negative 

impact upon woody plant fitness. Consequently, strong selection for 

defense against browsing during the juvenile phase of all woody plants 

is expected on the basis of plant life history alone (Bryant et al. 

1983a).

Severe pruning, decapitation or girdling of juvenile phase plants, 

as occurs during periods of high snowshoe hare numbers (Aldous and 

Aldous 1944; Grange 1949; Dodds 1960; DeVos 1964; Pease et al. 1979; 

Wolff 1980), reduces their rate of vertical growth and therefore their 

ability to compete for canopy dominance (Kozlowski 1971; Kramer and 

Kozlowski 1979). Consequently severe winter browsing of juvenile 

individuals of rapidly growing woody plants can strongly reduce their 

fitness. Thus, in contrast to the adult phase, which is selected more 

strongly for growth than defense, juveniles of these species are 

expected to allocate resources to defense at the expense of growth 

because such an allocation of resources ultimately increases their 

competitive potential (Bryant and Kuropat 1980). This selective 

pressure enhances juvenile phase defenses resulting from life history 

traits.

11
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In summary, the juvenile phase of all woody plants is expected to 

be selected for defenses against vertebrate browsing, but during the 

adult phase only slowly growing woody plants are expected to be strongly 

selected for antiherbivore defenses. Consequently ontogenetic variation 

in antiherbivore defense will be greater in rapidly growing than in 

slowly growing woody plants (Bryant and Kuropat 1980; Bryant et al. 

1983a).

Induction of Juvenile Defenses in Adult Phase Plants by Severe Winter 

Browsing

Severe pruning of adult form woody plants, for example by severe 

winter browsing, causes them to revert to a juvenile growth form 

(Kozlowski 1971; Borchert 1976; Kramer and Kozlowski 1979; Zimmerman 

1981). Because the juvenile growth phase is more heavily defended 

chemically or structurally against vertebrate browsing than the adult 

phase, juvenile reversion will also result in an increase in the defense 

level of rejuvenated plants. Such a "defensive" response to browsing is 

expected to be restricted to rapidly growing early successional woody 

plants, because these plants have the required reserves to support both 

compensatory growth and expression of juvenile defensive traits. More 

slowly growing late successional woody plants do not have the reserves 

to compensate for severe herbivore attack, much less allocate reserves 

to both defense and compensatory growth (Bryant and Kuropat 1980; Bryant 

et al. 1983a).

12
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Relaxation of Juvenile Phase Defenses During Ontogeny

While the mechanism of maturation in woody plants is poorly 

understood, it is well known that woody plants undergo phase change at 

different rates and that phase change is related to the attainment of a 

critical plant mass (Kozlowski 1971; Kramer and Kozlowski 1979;

Zimmerman 1975; 1981). Because rapidly growing woody plants increase in 

mass more rapidly than slowly growing woody plants, rapidly growing 

woody plants will attain maturity at an earlier absolute chronological 

age or more rapidly in real time following a juvenile reversion than do 

more slowly growing woody plants (Zimmerman 1975). Thus the most 

preferred winter foods of snowshoe hares, very rapidly growing woody 

plants such as Salix alaxensis, are expected not only to be the plants 

(1) most likely to undergo a juvenile reversion following severe pruning 

of their adult phase, but (2) also to undergo phase change (Kozlowski 

1971; Kramer and Kozlowski 1979) more rapidly in real time than more 

slowly growing woody plants following a juvenile reversion. In short, 

following severe winter browsing rapidly growing woody plants that are 

the preferred winter food of snowshoe hares are expected to remain 

heavily defended against browsing for less real time than more slowly 

growing woody plants.

Plant Defenses and Snowshoe Hare Cycles

May (1975) suggests that the snowshoe hare cycle is a stable 

vegetation-herbivore limit cycle. The periodicity of the cycle is

13
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presumed to be a consequence of a time-delayed negative feedback related 

to the recovery of vegetation recovery from severe winter browsing 

during the peak phase of the cycle. The duration the feedback is 

predicted to be 1/4 the period of the cycle or 2-3 years.

During the peak phase of the hare cycle snowshoe hares severely 

deplete their preferred winter food supply, small diameter twigs of 

rapidly growing, early successional woody plants. They are then forced 

to feed on increasing amounts of less preferred woody plants such as 

black spruce and alder (eg. Grange 1949, 1965; Dodds 1960; DeVos 1964; 

Pease et al. 1979; Wolff 1980a,b; Keith et al. 1984). This decrease in 

both food quality and quantity is generally believed to be the cause of 

the initial hare decline (Grange 1949, 1965; Keith 1974, 1983; Fox 1978;

Pease et al. 1979; Wolff 1980a; Keith et al. 1984).

Following severe browsing during the peak phase of the cycle 

preferred woody plants regenerate through stump sprouting (DeVos 1964; 

Bryant et al. 1984). Stump sprouts are juvenile-growth-phase plants 

(Kozlowski 1971; Kramer and Kozlowski 1979) that are of lower 

palatability to snowshoe hares in winter (Klein 1977) than the 

adult-phase plants from which they were formed by juvenile reversion. 

Thus a juvenile reversion by rapidly growing woody plants can provide 

the time lag required by the May (1975) model of the hare cycle if (1)

the time lag is 2-3 years duration on average and (2) if decreased

nutritive quality accompanies decreased palatability following juvenile 

reversion.

14
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Such a short term change in the quality of rapidly growing woody plants 

as hare winter food is likely, because these plants rapidly regain their 

above-ground mass and therefore an adult state in a relatively short 

period of real time following a browsing induced juvenile reversion. 

Consequently a browsing-caused reduction in the quality of the snowshoe 

hare's preferred winter food supply, adult-phase rapidly growing woody 

plants, could well be a cause of the ten-year snowshoe hare cycle 

(Bryant 1981a; Bryant et al. 1983a).

SUMMARY OF HYPOTHESES

1) Adult-phase, rapidly growing trees and shrubs will, on

average, be of higher palatability and higher quality

as winter food to snowshoe hares than adult-phase, slowly 

growing woody plants.

2) Juvenile phase woody plants will be of lower palatability 

and quality as food to snowshoe hares than adult-phase woody 

plants.

3) The palatability and nutritive quality of winter-

dormant woody plants to snowshoe hares is strongly

influenced by toxic secondary plant metabolites.

4) The degree of ontogenetic plasticity in defense against

15
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snowshoe hares will be greater in rapidly growing woody 

plants than slowly growing woody plants.

5) Severe browsing of adult-phase, rapidly growing woody

plants will result in a decrease in both the

palatability and nutritive quality of new growth adventitious 

shoots to snowshoe hares in winter if it causes a juvenile 

reversion.

6) The rate at which juvenile-phase defense relaxes in real

time is inversely proportional to the intrinsic growth 

rate of woody plants.

7) A juvenile reversion causes the food-related time

lag required to drive the ten-year snowshoe hare cycle.

TESTS OF HYPOTHESES

Snowshoe Hare Choice of Winter Food

Comparison of snowshoe hare use of major Alaskan tree species 

during winter confirmed postulated interrelationships between habitat, 

plant growth rate and palatability of winter-dormant twigs to snowshoe 

hares. Early successional trees (poplar, aspen and birch) have rapid
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growth rates and are more palatable to hares when mature than are late 

successional evergreens such as black spruce and nitrogen-fixing woody 

plants such as the green alder (A. crispa) (Bryant 1981; Bryant et al. 

1983a,b).

In all species tested the adult growth phase is more palatable to 

snowshoe hares than the juvenile growth phase. As predicted, the degree 

of defensive plasticity during ontogeny is considerably greater for 

rapidly growing, early successional trees and shrubs than for late 

successional evergreens (Bryant et al. 1983a)

Browse Chemistry

Proximate analysis of woody plant species, growth stages and parts 

available to snowshoe hares in winter demonstrated that snowshoe hares 

do not select their winter food on the basis of crude nutritional 

fractions, eg. Kjeldahl nitrogen or gross energy (Bryant 1981a,b; Bryant 

et al. 1983a, b; Bryant et al. in press; Reichardt et al. in press). 

Preliminary screening of secondary metabolite fractions indicated that 

hares selectively feed on plant species, growth stages and parts that 

have low concentrations of toxic secondary plant metabolites (Bryant 

1981b; Bryant et al 1983b; Reichardt et al. in press).

Extraction of ether-soluble secondary metabolites, resins, from 

several major Alaskan trees and shrubs, for example Alaska paper birch
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(Betula resinifera = papyrifera ssp. humilis) (Dugle 1966) and green 

alder and incorporation of these extracts into preferred, nonresinous 

diets caused avoidance of treated diets relative to untreated control 

diets (Bryant 1981b). This result provides direct support for the 

hypothesis that hare feeding behavior is strongly influenced by plant 

secondary chemistry.

Fractionation of crude ether extracts of Alaska paper birch and 

green alder yielded several fractions that elicited avoidance responses 

by hares. Subsequent purification of deterrent fractions from both 

Alaska paper birch and green alder yielded chemically identifiable 

secondary metabolites, papyriferic acid and pinosylvin and pinosylvin 

methyl ether respectively (Reichardt 1981; Clausen unpub.), that deter 

snowshoe hare feeding (Bryant et al. 1983b; Reichardt et al. in press; 

Clausen unpub.).

Quantification of the concentrations of papyriferic acid in parts 

of Alaska paper birch and pinosylvin and pinosylvin methyl ether in 

parts of green alder demonstrated that secondary metabolite 

concentrations alone can explain snowshoe hare use of both growth stages 

within individual plants and parts within growth stages in these species 

(Bryant et al. 1983b; Reichardt et al. in press; Clausen unpub.). These 

results indicate that secondary plant constituents strongly influence 

choice of winter food by snowshoe hares.
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Browse Food Value

Comparison of the food value of juvenile and adult phases 

(Kozlowski 1971) of nonresinous (Salix alaxensis) and resinous (Betula 

resinifera) browse species to snowshoe hares demonstrated that browse 

palatability and food value are positively correlated; hares lost weight 

more rapidly when fed juvenile-phase twigs than adult-phase twigs. 

Nutrient balance experiments indicate that the the low quality of the 

juvenile phase of these species as winter hare food is caused by low 

digestibility and low retention of both energy and nutrients, for 

example nitrogen. Furthermore, several lines of circumstantial evidence 

indicate that high concentrations of toxic secondary plant metabolites 

and lignin in juvenile phase woody plants are the cause of the low 

quality of these juvenile plants as food to snowshoe hares (Bryant et 

al. in press; Reichardt et al. in press).

Browsing-Induced Defense

Both simulated and real hare browsing of the adult form of Salix 

alaxensis caused it to revert to the unpalatable juvenile form. Feeding 

trials with both captive and free-ranging snowshoe hares demonstrated 

that juvenility in this plant is induced for two years following severe 

winter hare browsing (Bryant et al. in press). This result provides 

direct support for the hypothesis that a hare-browsing-induced 

deterioration in the quality of the snowshoe hare's winter food supply
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can partially explain the dynamics of the ten-year hare cycle (Bryant et 

al. 1983a).

DISCUSSION AND CONCLUSIONS

Chemical Control of Snowshoe Hare Winter Food Selection

These studies demonstrates that plant secondary metabolites 

strongly influence snowshoe hare use of winter-dormant boreal woody 

plants (Bryant 1981; Bryant et al. 1983b; Bryant et al. in press; 

Reichardt et al. in press). It does not support the hypothesis that 

snowshoe hares select their winter food on the basis of nutrients or 

energy as claimed by Sinclair et al. (1982). I therefore conclude that 

plant chemical defenses are the primary factor determining use of 

winter-dormant woody browse by snowshoe hares in boreal forests. 

Furthermore I speculate that this conclusion applies to all boreal 

forest vertebrate herbivores and suggest that this hypothesis warrants 

further study.

Evolution of Plant Antiherbivore Defenses

The evolution of antiherbivore defenses by plants has been 

attributed to two plant properties, apparency (Feeny 1975, 1976; Rhoades 

and Cates 1976; Rhoades 1979) and plant adaptation to disturbance and
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the availability of resources in the environment (Grime 1977; Bryant and 

Kuropat 1980; Bryant et al. 1983; Coley 1983). Both hypotheses attempt 

to explain the widespread observation that late successional woody 

plants are less palatable to herbivores than early successional plants 

(eg.Feeny 1976; Rhoades and Cates 1976; Cates and Orians 1978; Bryant 

and Kuropat 1980; Batzli and Jung 1981; Coley 1983). Apparency theory 

attributes low quality of late successional plants to their apparent 

distribution in space and time. Late successional plants that are 

"bound to be found" (Feeny 1975) by herbivores should be heavily 

defended because they are at high risk of herbivory, particularly by 

specialist insects. Less apparent plants, for example early 

successional ruderals, gain some relief from predation through escape 

in space or time and therefore are not as strongly selected for 

antiherbivore defenses. The alternative hypothesis, plant 

carbon/nutrient balance hypothesis (Bryant and Kuropat 1980; Bryant et 

al. 1983; Coley 1983), argues that late successional woody plants must 

be defended chemically simply because they do not have either the access 

to resources or the physiological capacity required to compensate for 

herbivory through growth as do early successional woody plants. Because 

low resource availability is often associated with late serai stages 

(Chapin and Van Cleve 1981) both hypotheses predict that late 

successional plants will be strongly selected for antiherbivore 

defenses. Thus consideration of successional status cannot provide a 

test of these alternative explanations of plant defensive evolution. 

There are, however, several observations that indicate that the 

apparency theory is insufficient to explain some widespread patterns of 

plant defensive chemistry.
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Apparency vs. Habitat Quality

Irrespective of their apparency, woody plants adapted to growth in 

infertile soils or in deep shade are more effectively defended against 

herbivory than early successional trees and shrubs growing in fertile 

soil. For example, in Cameroon tree species growing in infertile soils 

contain twice the concentration of digestion-inhibiting phenolic 

compounds in their foliage as equally apparent species in rain forests 

growing on richer soils (McKey et al. 1978; Waterman et al. 1980; McKey 

and Gartlan 1981). Such enhanced chemical defense is widespread in 

tropical forests occurring on infertile soils (Janzen 1974). In 

Panamanian neo-tropical rainforests the mature canopy is composed of 

fast-growing, shade-intolerent trees as well as slow-growing, 

shade-tolerant species. Although both groups have similar apparency, 

the fast growing, disturbance-adapted species are eaten more (four 

orders of magnitude) than the slowly growing, stress tolerant species 

(Coley 1983). In boreal forests and arctic shrub tundra, evergreens 

adapted to growth on nutrient deficient soils, for example Labrador tea 

(Ledum palustre) , are unpalatable and of low nutritive quality to 

herbivores (Kuropat and Bryant 1979; Bryant and Kuropat 1980; Keith et 

al. 1984; MacLean and Jensen in press; Bryant unpub.) as compared to 

early successional woody plants such as willows because Ledum contains 

high concentrations of toxic phytochemicals in its leaves and twigs 

(Batzli and Jung 1980; Jung and Batzli 1981). In winter Ledum is less 

apparent to vertebrate herbivores, excluding microtines, than highly 

palatable willows such as Salix alaxensis, because it is buried by deep 

snow. In summer Ledum leaves are as apparent as leaves of highly
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palatable deciduous woody plants, because spring leaf flush is rapid in 

boreal and arctic deciduous woody plants. Apparency theory cannot 

explain these results but the plant carbon/nutrient balance hypothesis 

does.

Patterns of Phytochemical Defense

Apparency theory predicts that apparent plant species and parts are 

defended against herbivores by structurally similar, digestion-reducing 

substances ("quantitative defenses"), particularly tannins and lignin, 

because these substances are effective against specialist herbivores. 

Unapparent plants are, on the other hand, expected to be defended by a 

highly diverse array of toxic ("qualitative") defenses that are not 

particularly effective against specialized herbivores that can readily 

detoxify them. Phytochemical surveys in tropical rainforests, tropical 

deciduous forests, temperate forests, boreal forests and arctic shrub 

tundra indicate, however, no correlation between the concentration of 

tannins and the apparency of either plant species or parts (Jung et al. 

1979; McKey 1979; Fox 1981; Coley 1983; Bryant et al. 1983b; Bryant et 

al. submitted; Reichardt et al. in press; Bryant unpub.). Moreover, in 

boreal forests leaves and bark of early successional ("unapparent") 

willows, for example S.. alaxensis, are characterized by a low diversity 

of chemical defenses that are primarily condensed tannins (Preston 1961; 

Rowell-Rahier 1984; Bryant et al. submitted). Conversely, mid and late 

successional trees and shrubs, for example Alaska paper birch, green 

alder and evergreens such as spruce are defended by a very diverse 

assemblage of toxic secondary metabolites, for example stilbenes such as
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pinosylvin and a variety of terpenes (VonRudlof 1975; Lewis 1981; Bryant 

et al. 1983b; Reichardt et al in press; Clausen unpub.) that meet the 

definition of "qualitative" defenses. These results clearly do not 

support apparency theory. The plant carbon/nutrient balance hypothesis 

makes no predictions as to the type of defense (quantitative versus 

qualitative) deployed by a plant. It only predicts the effectiveness of 

a plant's total defensive strategy and the type of resources (carbon 

versus nutrient) upon which the defense is based.

Cost of Quantitative Defenses

Apparency theory predicts that carbon-based chemical defenses such 

as tannins are costly to produce. Thus the slow growth rate of late 

successional woody plants is explained as a consequence of defensive 

costs, because allocation of growth-limiting carbon to defense must be 

paid for by limitation of growth. The carbon/nutrient balance hypothesis 

predicts the opposite. Carbon-based defenses are relatively "cheap" for 

plants growing in infertile soils, because nutrient limitation of growth 

makes carbon a relatively "cheap" commodity (Chapin 1980; Bryant et al. 

1983a). Slow growth rate is the cause rather than the consequence of 

allocation of carbon to defense by plants growing on infertile soils 

(Bryant and Kuropat 1980; Bryant et al. 1983a; Coley 1983).

These alternative predictions imply different responses by plants 

to increased mineral nutrition. If allocation of carbon to chemical 

defense limits plant growth, then fertilization will not increase growth 

at the expense of carbon-based defense. On the other hand, if growth
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is limited by nutrient availability then fertilization with 

growth-limiting nutrients should increase growth at the expense of 

defense (Bryant et al. 1983a).

Fertilization of both evergreen and deciduous woody plants 

indicates that application of growth-limiting nutrients results in both 

increased growth and increased browsing by vertebrate herbivores, 

because growth is increased at the expense of carbon-based secondary 

metabolite production. For example, fertilization of pine (Pinus 

contorta, P_. resinosa and sylvestris) with growth-limiting nutrients 

(N, P, and K) results in increased growth and increased browsing by 

hare, moose and squirrels (Heiberg and White 1951; Loyttyniemi 1981; 

Sullivan and Sullivan 1982; Rousi 1983). That increased browsing is not 

consistently correlated with increased browse nutrient concentration, 

for example nitrogen concentration (Heiberg and White 1953; Loyttyniemi 

1981; Bryant unpub.) indicates that reduced secondary metabolite 

concentration is the cause of increased browsing. This hypothesis is 

favored by the observation that fertilization of woody plants with 

growth-limiting nutrients consistently leads to reduced concentrations 

of carbon-based secondary metabolites such as tannins and terpenes (eg. 

Wilde et al. 1948; McKey 1979). Fertilization of Alaska paper birch and 

several species of willows with nitrogen results in increased growth, 

decreased concentrations of known hare feeding deterrents, papyriferic 

acid and phenol glycosides respectively (Bryant unpub.; Titto-Julkinen 

unpub.). Furthermore, bioassays have demonstrated that twigs of 

nitrogen-fertilized rapidly growing Alaska paper birch that have a low 

papyriferic acid concentration are preferred by hares as compared to
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twigs of control and phosphorus-fertilized plants that have higher 

concentrations of papyriferic acid (Bryant et al. unpub.). These 

results favor the carbon/nutrient balance hypothesis and refute 

apparency theory.

In summary, the plant carbon/nutrient balance hypothesis presented 

in this thesis, and formulated independently by Coley (1981, 1983), 

accounts for the low palatability of late successional woody plants 

predicted by the apparency hypothesis. It also accounts for two 

observations that are contradictory to predictions of apparency theory, 

variation in chemical defense of equally apparent plants growing on 

soils of varying fertility and the reduction of carbon-based secondary 

metabolite concentrations following fertilization with growth-limiting 

nutrients. I therefore conclude that plant physiological adaptation to 

the physical environment rather than apparency is the ultimate plant 

property influencing evolution of plant antiherbivore defenses.

Enhanced Defense in Juvenile Woody Plants

That juvenile woody plants have more effective defenses than adult 

plants against winter browsing by mammals is now well established (eg. 

Shaffalitzky de Muckadell 1969; Dimock 1974; Libby and Hood 1976; Bryant 

and Kuropat 1980; Bryant 1981a,b; Pehrson 1981, 1983; Janzen and Martin 

1982; Bryant et al. 1983a,b, in press; Reichardt et al. in press; 

Tahvanainen et al. submitted). The evolutionary basis for enhanced 

antiherbivore defenses in juvenile boreal woody plants is, however, a 

subject of debate among ecologists.
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Two explanations for enhanced juvenile phase defense in woody 

plants have been proposed. (1) Enhanced juvenile phase defenses are a 

consequence of the increased accessibility, apparency (Feeny 1976), of 

juvenile phase woody plants to herbivores as compared to mature-phase 

woody plants (Klein 1977; Sinclair and Smith 1982). (2) They are a

consequence of age-specific selection (Bryant and Kuropat 1980; Bryant 

et al. 1983a; Bryant et al. in press).

Several observations indicate that age specific selection rather 

than accessibility is the cause of juvenile phase defense in woody 

plants. (1) The apparency hypothesis predicts that twigs on lower 

branches of tall shrubs, for example Ŝ . alaxensis, should be less 

palatable to snowshoe hares than twigs from the upper crown, because 

lower branch twigs are more accessible to hares. Feeding trials have, 

however, demonstrated that within the crown of adult S_. alaxensis plants 

lower and upper crown twigs are equally palatable to snowshoe hares 

(Bryant et al. in press). (2) If accessibility determines selection for 

defense against browsing, then both the adult and juvenile phases of low 

shrubs such as dwarf birch (IS. nana and JS. glandulosa) that are of equal 

accessibility to hares in winter should be equally defended against 

hares. In these birches the juvenile phase is more effectively defended 

against hare browsing than the adult-phase (Bryant et al. 1983a; Fox and 

Bryant 1984). (3) The mature phase of some tall shrubs, for example

green alder, is more accessible to hares in winter than the juvenile 

phase, because snow bends the mature but not the juvenile to the ground. 

Thus the upper crown of mature plants should be more effectively 

defended against hare browsing than the crown of juvenile plants if
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accessibility to hares determines the intensity of selection for defense 

against hares. The juvenile phase is, however, more heavily defended 

against hare browsing by toxic stilbenes, pinosylvin and pinosylvin 

methyl ether, than the mature phase (Clausen unpub.). (4) Preferential 

feeding by grouse and ptarmigan upon the mature as compared to 

juvenile-phase low shrubs, tall shrubs and trees is widespread. For 

example, juvenile-form red heather (Calluna vulgaris), a low shrub, is 

less palatable to red grouse (Lagopus lagopus ssp. scoticus) , and has 

higher nutrient concentrations than adult-form red heather (Moss et al. 

1982; Savory 1978). Juvenile-form stump sprouts of mountain birch 

(Betula pubescens) are less palatable to ptarmigan (L. lagopus and _L. 

mutus) in winter than the mature form plants (Ryala 1966). Juvenile 

jackpine (Pinus banksiana), lodgepole pine (P. contorta) and white 

spruce (Picea glauca) are used less frequently by spruce grouse 

(Canachites canadensis) than mature individuals of the same species 

(Boag and Kiceniuk 1968; Gurchinoff and Robison 1972; Ellison 1976). 

Juvenile individuals of lodgepole pine and Douglas fir (Pseudotsuga 

menziesii) are not used by blue grouse (Dendragopus obscurus) but adult 

trees are. In captivity blue grouse will not eat needles from juvenile 

individuals of these species, but readily eat needles from mature 

individuals (Remington per. comm). It is difficult to believe that 

crowns of adult low shrubs, tall shrubs and trees are less accessible to 

birds than juvenile plants. Similarly, it is difficult to believe that 

the low palatability and toxicity of juvenile as compared to adult larch 

(Larix laricina) and lodgepole pine to flying insects such as the larch 

bud moth (Zeiraphera improbana) and mountain pine beetle (Dendroctonus 

ponderosae) respectively and fungal pathogens carried by bark beetles,
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eg. bluestain, that kill beetle-infested lodgepole pine (Safranyik et 

al. 1974; Niemala et al. 1980; Shrimpton 1973) is a consequence of 

increased accessibility of juvenile as compared to mature-form woody 

plants to either the insects or the pathogen.

Juvenile Phase Defenses and Hare Cycles

Demonstration that enhanced juvenile-phase antiherbivore defense in 

winter-dormant boreal woody plants is not a consequence of increased 

accessibility to snowshoe hares in winter has important implications for 

snowshoe hare population dynamics. Snowshoe hare browsing can be severe 

enough during periods of high hare numbers to cause widespread juvenile 

reversion by adult-form rapidly growing woody plants such as J3. 

alaxensis growing on floodplains of Alaskan rivers (Wolff and Zasada 

1979; Wolff 1980a,b; Bryant et al. in press) or willows such as _S. 

bebblana and poplar growing on recently disturbed upland sites, for 

example burns (DeVos 1964; Wolff 1980a,b; Bryant unpub.). Juvenile 

reversion in these highly preferred winter foods of snowshoe hares 

results in the production of stump sprouts that are of low palatability 

and nutritive quality to hares in winter (Klein 1977; Bryant 1981a; Fox 

and Bryant 1984; Bryant et al. in press; Bryant unpub.). Two years 

following a juvenile reversion caused by winter hare browsing phase 

change occurs in rapidly growing woody plants such as _S. alaxensis and 

S_. bebbiana (Fox and Bryant 1984; Bryant et al. in press). Such a 

decline in the quality of winter food can account for the period of the 

ten-year hare cycle if both the juvenile reversion and subsequent phase 

change occur in the height interval used by snowshoe hares in the
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winter, because it can cause a 2-3 year lag in hare population growth 

related to the recovery of vegetation from severe hare browsing (May 

1975; Bryant 1981b; Bryant et al. 1983a; Fox and Bryant 1984). Results 

of Bryant et al. (in press) and Bryant (unpub) demonstrate that in 

highly preferred shrubs such as S_. alaxensis and bebbiana both the 

initial browsing caused juvenile reversion and subsequent phase change 

occur within the height interval used by snowshoe hares in winter. Thus 

I conclude that a widespread juvenile reversion in the snowshoe hares's 

preferred winter food supply, rapidly growing, early successional trees 

and shrubs is a partial cause of the ten-year hare cycle.
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SELECTION OF WINTER ^ ivs 
FORAGE BY SUBARCTIC BROWSING 
VERTEBRATES: The Role of Plant 
Chemistry

John P. Bryant

Institute of Arctic Biology, University of Alaska, Fairbanks, Alaska 99701

Peggy J. Kuropat

Alaska Cooperative Wildlife Research Unit, University of Alaska. Fairbanks,
Alaska 99701

INTRODUCTION
Plant palatability frequently moderates vertebrate herbivore forage selec
tion patterns (e.g. 72, 73, 103, 104, 111, 137, 179, 195). There is, however, 
considerable debate as to which plant chemical characteristics control pala
tability (e.g. 9, 42, 110, 118, 120, 216). On the one hand, forage proximal 
nutritional quality is believed to be of primary importance (e.g. 18, 51,103, 
114,130,133, 137,161, 173,215). On the other, there is increasing specula
tion that forage selection patterns are largely the result of avoidance of plant 
secondary constituents that are antagonistic to vertebrate herbivore fitness 
(e.g. 1,2,9,12,25,49,112, 116,120,141, 153,165,199,200). In this paper 
we examine these alternatives for a specific system.

We consider the interface between subarctic browsing vertebrates and 
woody browse plants during winter and attempt to answer the following 
questions: During winter do subarctic browsing vertebrates (a) feed prefer
entially upon plant tissues that contain relatively high concentrations of 
proximal nutrients or energy, or (b ) consistently avoid plant tissues that
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contain relatively high concentrations of plant secondary constituents with 
known or potential antiherbivore activity?

Subarctic forests during winter offer an advantageous system in which to 
study the vertebrate herbivore-vegetation interaction. To dale, they are 
minimally disturbed by humans. Consequently, the probability of encoun
tering recently altered vertebrate herbivore foraging behavior during food- 
habits studies is low.

Vertebrate herbivores feed upon a wide variety of plant species whose 
tissues vary in proximal nutrient and secondary constituent content (e.g. 49, 
102-104, 165, 195, 215, 216). Taxonomic phytochemical variation is en
hanced by (a) seasonal and diurnal fluctuations in plant chemistry (e.g. 32, 
43, 61, 77.97, 102,103,120,131,132,169), (b) effects of soil fertility upon 
plant chemistry (e.g. 27, 62, 63, 95, 127, 218), (c) production of phytoalex
ins in response to pathogen attack (e.g. 35, 112), (d) changes in plant 
chemistry resulting from physiological stress or aging (e.g. 74, 106, 168, 
217), and (e) effects of herbivory upon plant chemistry (e.g. 25, 74-76,
168). Moreover, the effect of a plant's chemistry upon a vertebrate 
herbivore’s foraging behavior may depend on the plant’s relative frequency 
(29, 49, 215) and spatial relationship to other plants (10, 128) in the her
bivore’s habitat. Any analysis of vertebrate herbivore-vegetation interac
tion must deal with this potential phytocbemical complexity (94). Obvious
ly choice of a pbytocbemically simple system for study greatly facilitates 
analysis.

Subarctic forests are taxonomically monotonous (57), and woody plants 
tend to employ relatively nondiverse digestion-inhibiting defenses (45, 168,
169). Consequently, the potential for phytochemical diversity in subarctic 
forests is low. Restriction to winter minimizes temporal phytochemical 
chemical variation (42, 61,208), and winter cold reduces immediate effects 
of plant pathogens and insect herbivores on forage chemical characteristics. 
Furthermore, winter is the period when vertebrate browsing pressure on 
subarctic plants is most intense (e.g. 2, 4, 15, 17, 28, 38, 109, 151). Conse
quently, winter should be the period when results of the coevolution of 
vertebrate browsing animals and plant chemistry should be most apparent.

Definitions
In this paper the ether-extractable fraction of woody browse is referred to 
as resin. The term resin is used rather than crude fat because the ether 
extracts of woody browse species discussed in this paper are composed, to 
a large extent, of terpene and phenolic resins rather than fatty acids (e.g. 
(12, 107, 148, 149, 164, 166, 172, 193, 194, 208, 219, 220); J. P. Bryant, 
unpublished information].
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FORAGING BEHAVIOR AND BROWSE CHEMISTRY

Willow Ptarmigan (Lagopus iagopus), Rock Ptarmigan (L. mutus), and White-tailed Ptarmigan (L. leucurus)
Dominant ptarmigan tend to have diets of higher palatability, digestibility, 
and nutritive quality than subdominant ptarmigan (137, 139, 210). Conse
quently, the observation that Alaskan willow ptarmigan are dominant to 
Alaskan rock ptarmigan (134) suggests that the winter diet of the former 
should be of higher palatability, digestibility, and nutritive quality than that 
of the latter. The gut morphologies of the sympatric Alaskan ptarmigan 
suggest the following ranking of the expected digestibility and nutritive 
quality of their midwinter diets: willow ptarmigan diet >  rock ptarmigan 
diet >  white-tailed ptarmigan diet (136). Evidence for this hypothesis is the 
fact that the digestibility of Alaskan willow ptarmigan winter diet is greater 
than that of the winter diets of Alaskan rock ptarmigan and Alaskan 
white-tailed ptarmigan (135). On the other hand, when the three ptarmigan 
species are not in close proximity, their diets should be similar and of the 
highest palatability, digestibility, and nutritive quality possible (136, 137, 
212).

During winter, Alaskan willow ptarmigan feed preferentially upon wil
low. Feltleaf willow, Salix alaxensis, makes up 80% of the willow ptar
migan’s diet during most winters. Several other willow species (i.e. £  
glauca, £  arbusculoides, £  pulchra, and £  richardsonii) are also important 
foods, but deep snow often limits their availability. The remainder of the 
diet is made up of dwarf birch catkins (Betula nana ssp. exilis and B. 
glandulosa) and a few dwarf birch foliar buds. The resinous intemodes of 
Alaskan dwarf birches (40,46,87) and all green alder (Alnus crispa) tissues 
are not eaten, even though they are readily available to Alaskan willow 
ptarmigan during winter (90, 135, 136, 212, 214).

Alaskan rock ptarmigan feed primarily upon dwarf birch staminate cat
kins and, when catkins are depleted, upon foliar buds. Willow buds and 
intemodes and a trace of green alder staminate catkins make up the dietary 
remainder. Dwarf birch intemodes, alder intemodes, and alder foliar buds 
are not eaten (135, 136, 212).

Alaskan white-tailed ptarmigan feed primarily upon green alder stami
nate catkins. This staple is supplemented with willow intemodes and buds 
and the staminate calkins, foliar buds, and intemodes of dwarf birch. Foliar 
buds and intemodes of green alder are not eaten, even though they are 
among the most abundant potential foods in the Alaskan white-tailed ptar
migan’s habitat (135, 136, 212).
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Willow and rock ptarmigan are also sympalric during winter in Fennos- 
candia. There, as in Alaska, willow ptarmigan feed preferentially upon 
willow when it is available. They feed on birch when willow is not available 
and do not eat alder (137, 163, 180, 181).

Fennoscandian rock ptarmigan feed primarily upon birch staminate cat
kins and, to a lesser extent, foliar buds and intemodes. When available, 
willow is a preferred food (161). Alder, while readily available, is absent 
from their winter diet. Thus, with the exception of birch intemode use by 
Fennoscandian birds and the avoidance of birch intemodes by Alaskan 
birds (136), winter diets of rock ptarmigan in these regions are similar. 
Interestingly, Fennoscandian birches utilized by ptarmigan (B. nana ssp. 
nano. B. pubesctns. and B. torluosa) have nonresinous intemodes (12, 46, 
87. 161).

AJlop*trie rock ptarmigan in Iceland feed preferentially upon willow in 
winter. After willow is buried by snow they feed on birch staminate catkins, 
and, after catkins are depleted, on birch foliar buds and intemodes. Alder 
does not grow in Iceland and is not a potential winter food (51, 136, 137). 
Interestingly, intemodes of Icelandic birches (B: nana ssp. nana and B. 
pubesctns) also are not resinous (46,51,87). Allopatric white-tailed ptarmi
gan in Colorado and Canada feed preferentially upon willow during winter. 
When willow is no longer available they feed on both birch and alder 
staminate catkins (122, 211). Thus the forage preferences of allopatric rock 
and white-tailed ptarmigan are similar to those of willow ptarmigan. Wil
low is the preferred and predominant winter food.

Spring breeding behavior results in increased separation of Alaskan ptar
migan and, consequently, reduced interspecific competition (212). During 
spring all Alaskan ptarmigan species feed almost exclusively upon willow 
(211, 212).

These observations suggest that for ptarmigan, the palatability, digestibil
ity, and nutritive quality of willow buds and intemodes >  dwarf birch 
staminate catkins >  dwarf birch foliar buds >  nonresinous dwarf birch 
intemodes >  alder staminate catkins >  resinous dwarf birch internodes >  
alder foliar buds and intemodes.

Relative forage preferences of ptarmigan in Alaska (Spearman r , =  
-0 .800 ,1 Idf, P =  0.005) and Fennoscandia (r, =  -0  939, lOdf, P <  0.001) 
are negatively correlated with gross energy content of their browse. This 
relationship is the consequence of the 20% higher gross energy content of 
birch and alder tissues as compared to willow tissues (135, 173, 212, 214).

The largely alder diet of Alaskan white-tailed ptarmigan contains more 
metabolizable energy (2.7 kcal/g dw, 11.3 kJ/g dw) than the birch diet of 
Alaskan rock ptarmigan (2.3 kcal/g dw, 9.63 kJ/g dw) and the willow diet 
of Alaskan willow ptarmigan (2.3 kcal/g dw, 9.63 kJ/g dw) (135). Conse
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quently, the relative forage preferences of Alaskan ptarmigan are uncor
related with the metabolizable energy content of their browse. Values for 
the existence metabolisms of Alaskan ptarmigan are: willow ptarmigan 117 
kcal/day (5.67 W) (213), rock ptarmigan 100 kcal/day (4.85 W), and 
white-tailed ptarmigan 105 kcal/day (5.09 W) (135). The daily metaboliza
ble energy intakes of Alaskan ptarmigan are: willow ptarmigan 150 kcal/ 
day/bird (7.27 W/bird), rock ptarmigan 100 kcal/day/bird (4.85 W/bird), 
and white-tailed ptarmigan 105 kcal/day/bird (5.09 W/bird). Conse
quently, Alaskan willow ptarmigan must pay a 20% higher energetic price 
(135) to forage preferentially upon willows, which contain less gross and 
metabolizable energy than alder.

Ptarmigan forage preferences are not correlated with the proximal nutri
ent content of t heir winter browse (Table I). This is because of low proximal 
nutritional quality of willow as compared to birch or alder (e.g. 2, 51, 61, 
104,114,146, 147, 161, 173). The fiber content of ptarmigan winter browse 
is not correlated with ptarmigan winter forage preferences (51, 135, 161). 
On the other hand, digestibility of ptarmigan browse is positively correlated 
with ptarmigan winter forage preferences. The digestibility of willow by 
ptarmigan is approximately 45%, that of birch is approximately 27%, and 
the mixed alder-willow-birch diet of the white-tailed ptarmigan is approxi
mately 30% digestible (135).

These values suggest that neither browse gross energy content, browse 
metabolizable energy content, browse proximal nutrient content, nor 
browse fiber content controls either the pidatability, digestibility, or nutri
tive quality of ptarmigan winter browse. Instead these may be controlled 
by browse secondary constituent content. The following results are evidence 
for this hypothesis.

Multiple regression of browse gross energy content upon browse resin 
and carbohydrate fractions suggests that browse resins are more closely 
correlated with browse gross energy content than carbohydrates—i.e. the 
partial correlation with resin (r =  0.927, I Idf, P  <  0.001) is greater than 
that for carbohydrate (r =  0.730, I Idf, P  =  0.003). Moreover, resins and 
carbohydrate account for most of the variance in the regression, r2 =  0.875. 
Consequently, the low correlation between browse carbohydrate content 
and ptarmigan winter forage preferences (r, =  0.600, 1 Idf, P  >  0.05) 
implies that the negative correlation between ptarmigan winter forage pref
erences and browse gross energy content is a consequence of resin avoid
ance.

Willow buds are less resinous than either birch or alder foliar buds (12, 
51, 135, 136, 161, 173). In Alaska, for example, feltleaf willow buds arc 
considerably less resinous than dwarf birch foliar buds (/ =  56.944, 4df, 
P <  0.001) and dwarf birch foliar buds are considerably less resinous than
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staminate catkins are considerably less resinous than Alaskan dwarf birch 
foliar buds (/ =  24.117,4df, P <  0.001) and Alaskan green alder staminate 
catkins are less resinous than Alaskan green alder foliar buds (r =  34.821, 

P  <  0.001) (J. P. Bryant, unpublished information). Thus ptarmigan

forage preferences are negatively correlated with the resin content of their 
browse (Table 1).

Moss (135) suggests that resins hinder ptarmigan cecal function. Since 
resins of birch may hinder moose rumen function [(12); J. L. Oldemeyer, 
unpublished information], and resins of alder are highly toxic to deer 
rumen microbes (166), resins may also be inhibitory to ptarmigan cecal 
microbes. Moss (136) further suggests that these resins may inhibit protein 
digestion the way tannins do. Gohl A  Thomke (56) have shown that protein 
assimilation by galliforms is negatively correlated with tannin-like sub
stances (r =  -0.980, 4df, P <  0.001), and Rhoades A  Cates (169) have 
shown that some plant resins are tannin-like in their ability to complex with 
protein. Pulliainen’s (161) data strongly suggest that resins inhibit protein 
assimilation by ptarmigan; the correlation between forage protein digestibil
ity and forage resin content is negative (r  =  -0.985,4df, P  <  0.001). Alder 
resins contain several flavonoid aglycones (220), which are potential protein 
complexing substances (D. F. Rhoades, personal communication).

Ruffed Grouse (Bonasa umbellus)
In the northeastern United States ruffed grouse feed preferentially upon the 
overwintering staminate buds of aspens and cottonwoods (Populus) (e.g. 26, 
58,65-68,105,197). Quaking aspen (Populus tremuloides) is preferred over 
bigtooth aspen {P. grandidentata) {P  <  0.05). Balsam poplar (P. balsamif- 
era) staminate buds are used only in late winter after their resinous bud 
scales have been shed (197). In Alberta (39) and Alaska (125), the palatabil
ity of willow buds to the ruffed grouse is equal to or greater than that of 
the staminate buds of quaking aspen. In all three areas paper birch (A  
papyri/era) is used much less frequently than Populus (39, 125, 197). For 
example, paper birch staminate catkins, the only part used by ruffed grouse, 
are considerably less palatable than quaking aspen staminate buds (P <  
0.01) (197). Alder and conifers are not used as winter food by ruffed grouse 
(39, 65-68, 69, 105, 121, 125, 197), even though they are readily available 
( 121).

Ruffed grouse preferentially feed in male aspen clones of the 30-50 year 
age class, mean age 34.5 years {P  <  0.01) (39, 197). Trees of this age are 
more susceptible to pathogen and insect attack than juvenile aspen (13,196, 
197). Because preferred clones are often overmature and diseased, injured, 
or otherwise physiologically stressed, Gullion (65, 66) has suggested that 
ruffed grouse preferentially feed on decadent male aspen clones. That ruffed 
grouse feed preferentially in the upper crown of preferred aspen trees (39, 
197) and that the upper crown tissues of a mature tree are more senescent 
and physiologically stressed than lower crown tissues (106, 174-176, 223),
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suggest that the ruffed grouse feeds preferentially on physiologically 
stressed tissues in physiologically stressed trees.

In order of gross energy content, the preferred winter browse of Alaskan 
ruffed grouse is feltleaf willow buds <  quaking aspen staminate buds <  
birch staminate catkins (214). Conifers, alder, and the resinous stage of 
balsam poplar buds all contain large quantities of energy rich resins. Thus 
winter forage preferences of Alaskan ruffed grouse are negatively correlated 
with gross energy content of their winter browse (r, =  -0.943, 6df, P <  
0.001).

Staminate buds produced by preferred quaking aspen clones contain 
slightly more nitrogen than staminate buds produced by rejected clones 
(P <  0.05) (39, 68). Ruffed grouse do not, however, selectively feed upon 
nitrogen-rich staminate buds within a quaking aspen clone (P  >  0.05), nor 
do they differentiate between willow and quaking aspen on the basis of tissue 
nitrogen content (F2, M =  2.244, P =  0.149). Moreover, there is no consis
tent relationship between the forage preferences of ruffed grouse and the 
phosphorous, micronutrient, soluble carbohydrate, or fiber content of either 
willow or quaking aspen (39).

These results imply that ruffed grouse do not select winter browse be
cause of browse gross energy or proximal nutrient content. We suggest that 
ruffed grouse avoid browse resins. Evidence for this hypothesis is provided 
as follows.

The winter forage preferences of Alaskan ruffed grouse are negatively 
correlated with resin content of winter browse (Table 1). Alberta ruffed 
grouse also avoid browse resins. In Alberta, willow buds are less resinous 
than quaking aspen staminate buds ( f \  u =  13.515, P <  0.001). Stami
nate buds collected from preferred quaking aspen clones in Alberta are less 
resinous than those collected from rejected clones (P <  0.05). Furthermore, 
quaking aspen staminate buds collected from crops of Alberta ruffed grouse 
are less resinous than those collected at random from preferred quaking 
aspen clones (P  <  0.05). Consequently, the overall avoidance of resinous 
quaking aspen staminate buds by Alberta ruffed grouse is highly significant 
( f 4 M =  26.105, P  <0.0001) (39). Quaking aspen foliar buds are not eaten 
by ruffed grouse, and in Alaska the foliar buds of quaking aspen are more 
resinous than staminate buds or quaking aspen (r =  9.662,4df, P  <  0.001) 
(J. P. Bryant, unpublished information). Paper birch staminate catkins are 
more resinous than quaking aspen staminate buds (J. P. Bryant, unpub
lished information). Ruffed grouse only eat balsam poplar staminate buds 
after their resinous bud scales have been shed (197). Alder buds and conifer 
needles are very resinous 1(208); J. P. Bryant, unpublished information] 
and are not eaten at all. Ruffed grouse prefer physiologically stressed 
tissues and such tissues are often poorly defended by resins and tannins 
(106, 168).
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Resins avoided by ruffed grouse may lower its fitness. Resins of Populus 
contain several methylated flavonols (219) that may inhibit protein diges
tion (D. F. Rhoades, personal communication). Cottonwood resins are 
toxic to insect herbivores (31), and balsam poplar produces the greatest 
quantity of bud resins of any of the cottonwoods (J. D. Curtis, personal 
communication). Paper birch resins may hinder moose rumen function (J. 
L. Oldemeyer, unpublished information), and alder (166) and conifer (116, 
141, 148,149, 164-167) resins have antimicrobial activity. These resins may 
be toxic to ruffed grouse cecal microbes.

Spruce Grouse (Canachites canadensis), Blue Grouse (Den- dragapus obscurus), and Capercaillie (Tetrao urogallus) 
Conifer needles comprise the winter diet of these tetraonids. Tamarack 
(Larix laricina) needles are the preferred food of spruce grouse (98) and 
blue grouse (20) in western North America. Larch (L  occidentals) needles 
are preferred by spruce grouse in eastern North America (30). After Larix 
shed their needles in early winter, pine (Pinus) becomes the preferred food 
of both spruce grouse and blue grouse. Blue grouse (20) and spruce grouse 
(98,154-156) feed preferentially upon lodgepole pine (P. contoria) in west
ern North America, and in eastern North America spruce grouse feed 
preferentially upon the jack pine {P. banksiana) (30, 69). The capercaillie 
feeds preferentially upon Larix (R. Moss, personal communication) and 
Scots pine (P. sylveslris) (115, 162, 182). Fir {Abies) is less palatable to 
spruce grouse than pine (98, 154, 192). Spruce (Picea) is the least palatable 
conifer to all three species during midwinter (20, 30,98, 115, 154, 182). In 
North America white spruce {P. glauca) is considerably more palatable to 
spruce grouse than black spruce {P. mariana) (41, 42). During spring, 
however, expanding foliar buds of spruce are the preferred and predominant 
food of spruce grouse (80).

These birds repeatedly feed in certain trees in a population. Spruce grouse 
prefer older jack pine (P  <0.01) (69). Lodgepole pine (21) and white spruce 
(42) saplings less than approximately 14 years old are totally avoided by 
spruce grouse. Scots pine trees preferred by the capercaillie (115) and jack 
pine (69) and white spruce (i. P. Bryant, personal observation) trees pre
ferred by spruce grouse are often fire scarred or otherwise injured. This 
suggests a preference for carbon-stressed tissue, as does the tendency of the 
capercaillie (115), blue grouse (82), and spruce grouse (69) to feed in the 
upper sun crown of host trees.

Palatability is not consistently correlated with forage gross energy con
tent (41,42, 155 156) or metabolizable energy content (155, 156). The poor 
correlation with forage gross energy content appears to reflect an avoidance 
of energy-rich resins (42).
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Forage preferences of this group are also not consistently correlated with 
forage proximal nutritional quality. While spruce grouse in the Lake States 
Region appear to feed on jack pine needles that contain more nitrogen than 
rejected needles {F,_ 9 =  13.75, P  <  0.01) (69), spruce grouse in Alberta 
do not feed preferentially upon nitrogen-rich jack pine needles (155). Alas
kan spruce grouse do not select white spruce needles on the basis of any 
nutrient (P >  0.05) (41,42). Hoffmann (82) found that blue grouse preferred 
nitrogen-rich needles of the white fir (Abies concolor) (I =  8.43, 12df, P <
0.001). Conversely, Boag A  Kiceniuk (21) found no significant difference 
between nitrogen content of lodgepole pine needles selected and rejected by 
blue grouse. Pulliainen (162) has reported selection of nitrogen-rich needles 
by the capercaillie.

Conversely, there is a consistent negative correlation between forage 
preferences of this group and forage resin content. In the Lake States 
Region spruce grouse prefer low-resin jack pine needles (P <  0.05) (69). 
In Alaska, white spruce needles contain less resin than black spruce needles 
(P <  0.01) (42) and white spruce contains more resin in its juvenile-stage 
tissues than in its mature-stage crown tissues ( t =  22.869,4df, P  <  0.001) 
(J. P. Bryant, unpublished information). Moreover, physiologically stressed 
conifers produce less total resin and phenolic substances than healthy trees 
(106).

Ellison (42) has suggested that conifer resins are avoided because of their 
antimicrobial activity. The antimicrobial activity of conifer resins is largely 
determined by the oxygenated monoterpene fraction of resin (e.g. 116, 141, 
148, 149, 164,165). That the oxygenated monoterpene fraction of Siberian 
conifer needle resins (larch 6.9%, pine 26.15%, fir 34.9%, spruce 43.2%) 
(194) is negatively correlated with forage preferences of conifer-feeding 
tetraonids suggests that these species avoid oxygenated monoterpenes. 
Capercaillie feed preferentially upon young needles within individual Scots 
pine (162), and young conifer needles contain lower concentrations of essen
tia] oils (149, 208) and are less inhibitory to deer rumen function than old 
conifeT needles (149). The rapidly expanding foliar buds of conifers, for 
example spruce, which are preferred by these species (80), are carbon- 
stressed (106) and contain almost no antimicrobial essential oils (149, 
208).

Rhoades ft Cates (169) suggest that acidic conifer resins may also inhibit 
protein digestion. Data of Pendergast A  Boag (155) may support this sug
gestion: Spruce grouse when suddenly placed on a pine needle diet go into 
a negative nitrogen balance at the rate of one gram protein lost per day. 
However, because both resins and protein are voided in the cecal droppings 
it is not clear whether this protein is microbial protein, body protein used 
in the detoxification of resins, or forage protein complexed with resin.
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Snowshoe Hare (Lepus americanus) and Mountain Hare (L. timidus)
Forage preferences of snowshoe hares and mountain hares are willow >  
aspen >  larch >  dwarf birch >  tree birch >  pine (jack pine =  lodgepole 
pine =  scots pine >  white pine >  red pine) >  fir >  spruce (white spruce 
>  black spruce) >  alder (e.g. 3, 12, 22, 25, 28, 36, 38, 48, 104, 113, 114, 
183, 184,201). Cafeteria style feeding experiments have validated this pref
erence ranking for both snowshoe (22, 25, 104) and mountain hares ((12);
A. Pehrson, personal communication].

Snowshoe hares feed preferentially on certain genotypes in a plant species 
population. Using Douglas fir as experimental stock Dimock et al (37) 
demonstrated that both captive and free-ranging snowshoe hares, as well as 
deer, preferentially feed upon certain genotypes. They further demonstrated 
that the relative palatability of Douglas fir genotypes is a strongly inherited, 
additive, and mathematically predictable trait (186).

The juvenile-growth-form twigs of trees and shrubs are extremely unpala
table to snowshoe (25,104) and mountain hares (153) as compared to twigs 
collected from mature-growth-form trees and shrubs.

Hares strongly prefer conifer terminal shoots over conifer lateral 
branches [(4, 6, 22, 28, 37, 38, 109); J. P. Bryant, personal observation]. 
Mountain hares eat the woody intemodes of the mountain birch (A pubesc- 
ens) (12) and the aspen (P. tremula) ( A. Pehrson, personal communica
tion), but reject the foliar buds [(12); A. Pehrson, personal communication]. 
Similarly, snowshoe hares in Alaska eat Che woody intemodes but reject the 
foliar buds of the Alaska paper birch (A papyri/era ssp. humilis), the green 
alder, and the balsam poplar (25).

The gross energy content of highly palatable browse species (e.g. willow 
and aspen) is considerably lower than that of less palatable browse species 
(e.g. birch, alder and conifers). The gross energy content of foliar buds is 
consistently higher than that of intemodes ( 173, 214). The highly unpalata
ble juvenile-growth-form twigs of several important browse species of Alas
kan snowshoe hares contain much greater concentrations of energy-rich 
resins than the much more palatable mature-growth-form twigs of these 
species (25). Thus hare forage preferences are negatively correlated with the 
gross energy content of their browse (r, =  -0.983, lOdf, P >  0.0001). 
Willow and aspen contain lower concentrations of soluble carbohydrate in 
their above-ground tissues than birch and alder (114). Intemodes contain 
lower concentrations of soluble carbohydrate than foliar buds—e.g. Alaska 
paper birch (/ =  13.324, 4df, P  <  0.001) and green alder (r =  12.377, 4df, 
P <  0.001) (J. P. Bryant, unpublished information). Consequently, hare 
forage preferences are negatively correlated with highly digestible sources 
of energy—i.e. soluble carbohydrate (r, =  -1.000, 8df, P  <  0.001).
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capability of phenolic substances isolated from Populus (219) and Alnus 
resins (220) and acidic conifer resins [(169); D. F. Rhoades, personal com
munication]. Moveover, unpalatable genotypes of Douglas fir contain 
greater concentrations of water-soluble phenolics than palatable genotypes 
(164).

Moose (Alces alces)
The similarity of moose and hare forage preferences is well-documented (38, 
48, 202). Willow is the preferred and predominant forage of most moose 
populations. The remainder of the diet, listed in a descending order of 
preference, is largely comprised of aspen >  birch >  pine >  fir >  alder =  
spruce (e.g. 1, 2, 16, 24, 85, 86, 100, 108, 117, 119, 129, 152, 209).

Moose, like hares, feed preferentially upon the crown twigs of mature 
(felled) trees and tall shrubs [(1,2); J. L. Oldemeyer, W. L. Reglin, personal 
communication]. Moose break the stems of moderately large saplings and 
tall shrubs to feed upon crown twigs (54, 159, 203), even though younger 
plants of the same species are more available (J. P. Bryant, personal obser
vation). Moose also prefer the terminal leaders of conifers over lateral 
branches (2, 17). Because of chemical characteristics of browse outlined in 
previous sections moose forage preferences are not well correlated with the 
gross proximal nutrient content of browse but are strongly negatively corre
lated with its resin content (Table 1). We suggest that both winter forage 
preferences of moose and digestibility of browse by moose during winter are 
controlled by plant secondary constituents. This hypothesis is supported by 
several lines of evidence.

Oldemeyer et al (147) have shown that in vitro digestibilities of willow 
and aspen in moose rumen fluid are greater than those of either Alaska 
paper birch or green alder. The resinous, current annual growth twigs of 
juvenile Alaska paper birch are less digestible in moose rumen fluid than 
the nonresinous, current annual growth twigs of mature-growth-form 
plants of this species (I =  6.503,4df, P  =  0.003) (J. L. Oldemeyer, personal 
communication). Indigestibility of juvenile birch is also suggested by the 
fact that moose on the Kenai National Moose Range in southcentral Alaska 
frequently die of starvation even though their rumens are full of current 
annual growth twigs of juvenile Alaska paper birch (147). Because a reduc
tion in rumen microbe numbers leads to an increase in rumen turnover time 
(88) this observation suggests that birch resins, like those of alder (166), 
may be toxic to rumen microbes.

Beaver (Castor)
Willow and aspen are preferred and predominant foods of beaver (e.g. 5, 
8.33,47,55,70,145, 150,183, 184,187, 188, 191). When willow and aspen 
are not available, birch is preferred (96). Alder, which is infrequently cut
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even when readily available (8), occurs in beaver winter food rafts as a 
structural material rather than a food (33, 34, 64, 78, 91, 92, 145, 188). 
Conifers are rarely eaten by beavers (33, 145).

The leaves, twigs, and bark of alder collected from beaver winter food 
rafts contain higher concentrations of nitrogen and energy than those of 
willow collected from the same rafts (8). This suggests that browse proximal 
chemistry does not control beaver forage preferences. Consequently, we 
suggest that browse secondary chemistry controls beaver forage prefer
ences. Evidence for this hypothesis is provided by browse chemical charac
teristics outlined in previous sections of this paper.

CONCLUSIONS
Evidence reviewed in this paper strongly suggests that subarctic browsing 
vertebrates avoid feeding upon plant tissues that contain high concentra
tions of secondary chemical constituents; they do not select their winter 
forage on the basis of its proximal nutrient content.

The preferred forages or these herbivores are the mature-growth-form 
twigs of fire-adapted trees found on nutrient-rich sites, for example willow 
and aspen (e.g. 48, 59, 79, 108, 205, 206). A consequence of adaptation to 
disturbances such as forest fire is the storage of large reserves of nutrients 
and carbon in below-ground parts. These reserves enable disturbance- 
adapted woody plants to regenerate above-ground parts destroyed by dis
turbance (52, 62, 63). In short, subarctic browsing vertebrates prefer the 
mature-growth-form twigs of competitive deciduous trees and shrubs that 
can regenerate parts destroyed by browsing (2, 7, 52, 221).

Low-preference browse species (e.g. black spruce) are adapted to nutri
ent-deficient sites (189, 206). A consequence of this adaptation is the reten
tion of large nutrient reserves in above-ground parts because of slow leaf 
and twig turnover rates [(62, 63, 189); Chapin, this volume]. Because they 
retain expensive nutrient capital in above-ground parts during winter, these 
species should experience severe fitness loss if they are browsed even moder
ately [(2, 52,62, 63); Chapin, this volume]. In fact, subarctic evergreens are 
severely damaged by moderate real or simulated winter browsing (e.g. 4, 7, 
17, 84, 109). Thus it should be selectively advantageous for these stress- 
tolerant species to make relatively large allocations of carbon to defense of 
their nutrient capital [(2, 62, 63, 95); Chapin, this volume]. In fact, plants 
associated with nutritional stress in both northern coniferous forests [(25); 
J. P. Bryant, unpublished information] and tropical rain forests (127) ap
pear to make such a commitment.

Integration of a plant's defensive strategy with its primary adaptive strat
egy is particularly important during the juvenile growth stage. Browsing 
during this growth stage results in a greatly increased mortality or a greatly
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reduced competitive potential because browsing retards growth into the 
canopy (17, 73, 84).

Under intense selection pressure to gain dominance of the canopy, com
petitive plants should use their extreme phenotypic plasticity with respect 
to carbon allocation (62,63) to deploy carbon during juvenility in a manner 
that increases their probability of rapidly reaching the canopy and, upon 
reaching maturity, in a manner that maximizes their leaf surface area within 
the canopy. Thus juvenile competitive browse species should allocate a 
relatively large quantity of carbon to vertical growth and defense at the 
expense of lateral development of the crown; mature competitive browse 
species should allocate a relatively large quantity of carbon to lateral devel
opment of the crown at the expense of vertical growth and defense. Compet
itive subarctic trees such as quaking aspen (e.g. 60, 71, 138, 177, 178, 196), 
paper birch (e.g. 60,71,89), and balsam poplar (e.g. 71, 177) have extremely 
rapid vertical growth rates during juvenility and broad, well-developed, 
deliquescent crowns when mature (71). They are heavily defended by resins 
when juvenile and are relatively undefended when mature (23).

Stress-tolerant plants are under no great selection pressure to compete for 
canopy dominance. In fact, increasing evidence shows that characteristics 
such as a rapid growth rate and phenotypic plasticity with respect to the 
deployment of photosynthate become selectively disadvantageous under 
conditions of extreme environmental stress (62, 63). Consequently, in com
parison to competitive plants, stress-tolerant plants should allocate rela
tively uniform quantities of carbon to defense throughout life. Evidence for 
this hypothesis is the small difference in resin content and thus palatability 
between juvenile and adult stages of stress-tolerant trees (e.g. black spruce 
and green alder) as compared to competitive plants (e.g. aspen, Alaska 
paper birch, and balsam poplar) (23, 104).

Within plant allocation of resins by subarctic browse species supports the 
hypothesis that plants allocate (o) nutrients to plant parts in direct propor
tion to their functional value and (6) defensive substances to plant parts in 
direct proportion to both their functional value and their value as a reser
voir of expensive nutrient capital (126,168). Foliar buds of subarctic angios- 
perm browse species contain approximately the same concentrations of 
nitrogen and phosphorous as staminate catkins and two times the concen
tration of resin as staminate catkins [(12. 51, 161, 173); J. P. Bryant, 
unpublished information.] Consequently, functionally valuable foliar buds 
(73) are more heavily defended than less valuable floral buds.

The reliance of both subarctic angiosperm and gymnosperm browse spe
cies upon antimicrobial resins as a winter defense suggests that resins are 
a particularly effective form of defense against vertebrate herbivores. A 
basis for this hypothesis is provided by the digestive physiology of subarctic 
browsing animals—-i.e. cecal function versus rumen function.
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Because the cecal digestive system rapidly passes browse structural car
bohydrates (19, 93,123, 190), neither lignin nor tannin-lignin complexes are 
effective defenses against it. However, antimicrobial resins enter the small 
browsing vertebrate's cecum (133, 136, 155). Because digestion in the 
cecum is dependent upon microbial fermentation of plant material (14, S3, 
123,124), ingestion of antimicrobial resins could be detrimental to the cecal 
digestor. Such resins may reduce production of microbial protein, vitamins, 
and volatile fatty acids in the cecum; they may also be toxic and may inhibit 
protein digestion. They may thus be effective defenses against cecal diges-

Resins reduce rumen microbe numbers and thus cellulose and hemicel
lulose fermentation rates (e.g. 116, 141-144, 148, 149, 164-166). Their 
ingestion should thus increase rumen turnover time, speed rumen fill, and 
reduce a ruminant's forage ingestion rate (88,204). They should thus reduce 
ruminant predation pressure on browse plants that contain antimicrobial 
resins. In short, because resins render cellulose and hemicellulose indigesti
ble and therefore functionally equivalent to lignin they are also an effective 
defense against ruminants. Their potential effectiveness against ruminants 
is increased because they may inhibit (a) production of microbial protein 
and volatile fatty acids in the rumen and (b) protein assimilation. They may 
also reduce cellulose and hemicellulose fermentation in the ruminant hind- 
gut. That energy produced from fiber fermentation in the ruminant hindgut 
may provide most of the energy utilized during sodium absorption by 
ruminants (83) suggests that resins offer an effective defense against sodium- 
limited ruminants such as moose (18).

That tetraonid birds often subsist for several months on a monospecific 
diet of resin- or phenol-rich tissues (42,63,69, 136, 134, 211,212) suggests, 
however, that vertebrate herbivores can facultatively counter plant chemi
cal defenses. In fact, excretion of omithuric acid from the cecum by red 
grouse (Lngopus lagopus scoticus) is probably the result of detoxification of 
prolignin and other polyphenols (138). Circumstantial evidence also sug
gests that resins are detoxified in the tetraonid cecum.

Data of Moss (135) and Pendergast & Boag (155) strongly suggest that 
browse plant resins concentrate in tetraonid ceca and are voided in cecal 
droppings; the extremely high caloric content of these droppings can only 
be explained as a result of resin concentration in the cecum. Rock and 
white-tailed ptarmigan (211, 212), ruffed grouse (65, 197), and spruce 
grouse (41, 69, 154) all gradually increase their intake of resinous forage 
well before they must rely upon it during the midwinter period. In rock and 
white-tailed ptarmigan (136) and spruce grouse (157), this gradual shift in 
feeding behavior is concurrent with an increase in cecal size. However, if  
a gradual acclimation period is not allowed before rock ptarmigan (G. C. 
West, persona] communication), ruffed grouse (81), or spruce grouse (155,
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156) are placed on their normal midwinter diet, they exhibit a negative 
nitrogen balance, rapidly lose weight, and may eventually die. Such results 
suggest that these tetraonids rely heavily upon a facultative increase in cecal 
detoxification capability to subsist upon a moderately resinous diet.

On the other hand, Alaskan willow ptarmigan have relatively short ceca 
throughout the year (136). Furthermore, the cecal size of the Alaskan rock 
ptarmigan, the Alaskan white-tailed ptarmigan ( 136), and the spruce grouse 
(157) decreases during the period when they feed heavily upon willow or 
other nonresinous foods. We suggest that a nonresinous diet does not re
quire a large cecum for detoxification. It also does not force birds to pay 
the energetic and nutritional costs of detoxification (49) or the maintenance 
costs of enlarged ceca (135, 136). Thus while these birds can acclimate 
to a moderately toxic diet, their behavior suggests that such acclimation is 
more costly than avoidance of heavily defended tissues.

The evidence reviewed in this paper strongly suggests that the commit
ment of carbon to defense by subarctic woody plants is a consequence of 
their primary physiological adaptations to disturbance and nutritional 
stress. It does not suggest that predictability (168, 169) or apparency (44, 
45) at either the species or tissue level is well correlated with the commit
ment of carbon to defense by these species. This is because (a) palatable, 
poorly defended, mature-growth-form tissues of fire-adapted woody plants 
(e.g. willows) are abundant and apparent in space and ecological time 
because large areas of boreal and taiga forest frequently bum (e.g. 48, 50, 
79, 171, 198, 205, 222) and (6) most subarctic browsing vertebrates reside 
in and are adapted to early successional habitats created by these fires (e.g. 
48, 59, 108). It would therefore be valuable to determine the relative roles 
of predictability, apparency, and primary physiological adaptions in further 
studies of chemical coevolution.
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The evolutionary response of plants to herbivory is constrained bv the availability of 
resources in the environment. Woody plants adapted to low-resource environments 
have intrinsically slow growth rates that limit their capacity to grow rapidly beyond 
the reach of most browsing mammals. Their low capacity to acquire resources limits 
their potential for compensatory growth which would otherwise enable them to re
place tissue destroyed by browsing. Plants adapted to low-resource environments 
have responded to browsing by evolving strong constitutive defenses with relatively 
low ontogenetic plasticity. Because nutrients are often more limiting than light in 
boreal forests, slowly growing boreal forest trees utilize carbon-based rather than 
nitrogen-based defenses. More rapidly growing shade-intolerant trees that are 
adapted to growth in high-resource environments are selected for competitive ability 
and can grow rapidly beyond the range of most browsing mammals. Moreover, these 
plants have the carbon and nutrient reserves necessary to replace tissue lost to 
browsing through compensatory growth. However, because browsing of juvenile 
plants reduces venical growth and thus competitive ability, these plants are selected 
for resistance to browsing during the juvenile growth phase. Consequently, early 
successional boreal forest trees have responded to browsing by evolving strong de
fenses during juvenility only. Because severe pruning causes woody plants to revert to 
a juvenile form, resistance of woody plants to hares increases' after severe hare 
browsing as occurs during hare population outbreaks. This increase in browsing 
resistance may play a significant role in boreal forest plant-hare interactions. Unlike 
woody plants, graminoids retain large reserves of carbon and nutrients below ground 
in both low-resource and high-resource environments and can respond to severe 
grazing through compensatory growth. These fundamental differences between the 
response of woody plants and graminoids to vertebrate herbivory suggest that the 
dynamics of browsing systems and grazing systems are qualitatively different.

J. P. Bryant and F. S. Chapin, III. Inst, of Arctic Biology, Univ. of Alaska. Fairbanks. 
AK 99701, USA. D. R. Klein, Alaska Cooperative Wildlife Research Unit. Univ. of 
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oexomiMje juih aaMEtiSHHH oOberterotix TKaHen b npouecce KorcecaTopHoro pocTa. 
CtoaKO, TaK KaK oeseaaHHe MBnoaax pacTeHnn CHXxaeT hx BepTOKanbmrt pcxrr 
h TaratM o6pa3CM KOHKypeHTocnocoCHocTb y 3thx pacTeHsm oTSop HanpaBjieH Ha 
ycnarnfflocrh k oewnaHHio b -revenue MBetouibHon teatj pocra. CneaaBaTenbHO, 
cepeBbH eopeanbrtjx JiecoB paHHen cyxueccHOHHon CTanHH pearapyKT Ha ooseaa- 
HHe paBBHTTlBM CHJIbttJX BaiOHTltK MexaKHSMSB JMUb B HeBpeTOH COCTOSHHH. TaK 
KaK auiBHoe oOBanaHHe BoapairaeT xgpeBecttae pacrreHHH k wseHnnbHOft fopMe, y- 
CTOtWKBOCTb apeBecmx pacTeHHK K noBperaeKHHM BasmeB nOBbuaeTOT nocne 
cwiBHoro oetenaHHfl aanuam, KaK bto HaOnmanoci, b nepnoibi scntiiEK HHcneH- 
hocth hx nonynmm. 3to nonun°Hne ycrotWHBociH k o&benaHmo semet Krpan. 
cyiaecTBeHHyio pom, b othoiehhhx pacreHHe-aanu b eopeanbrtax Jiecax. B otjih- 
vne ot flpeBecffcrc pacTereai, anaKOBhia coxpaHmcrr peaepatj yrnepona h jpynot 
BneMeHTOB b nonBewHax uacmx b MecTooOHTaHHHX c hhbkor h bucokoR oOecne- 
HeHHOCTBio pecypcaMH h w>ryT pearapoBaTb Ha CHnBHUR sanac KOwieHcaiopitw 
Poctck. Bra (JiyHKUHOHajibKae paam«HH .’acKny peaminea xpeBecttK pacreHHR h 
anaKoa Ha BbienaKHe MneKororramMi noKa3bEaeT, hto HHHa«n<a cmctcm osrna- 
JUBaHHa h nacTbOa KanecTBeHHO paarama.

1. Introduction
Efforts have been made to explain the foraging be
havior of vertebrate herbivores in terms of nutritional 
or energetic optimization (e.g. Westoby 1974. Sinclair
1975. Bcvlovsky 1978. 1981). This theoretical
framework is insufficient to explain the winter foraging 
behavior of boreal forest vertebrate herbivores, because 
the browse species, growth stages and plant parts pre
ferred by these herbivores are generally low in nutrients 
(e.g. nitrogen, phosphorus and energy), as compared to 
low-preference species, growth stages and parts (Klein
1977. Bryant and Kuropat 1980, Pehrson 1980. Bryant 
1981). Thus the resistance of these plants to herbivores, 
particularly by the production of toxic compunds. needs 
to be considered.

The evolutionary response of plants to herbivory is 
also strongly influenced by other selective pressures in 
the plant's environment, such as nutrient availability, 
and can be understood only in this broader context. 
Although the selective regime that impinges upon each 
plant species is extremely complex, it can be broken 
down into major components to which there are con
sistent patterns of response. For example, when re
sources are available in abundance, there is generally 
selection for a suite of characteristics related to rapid 
growth rate (Fig. 1. Mooney 1972, Grime 1977, Chapin 
1980a). When any one of these environmental re
sources becomes limiting to plant growth, there are pre
dictable phenotypic and evolutionary consequences that 
constrain the likely responses of pla"nts to herbivores. In 
this paper we explore some of these constraints in gen
eral terms and by using examples from boreal Alaska.

2. Evolutionary response of plants to resource 
limitation
Plants occurring on infertile soils (associated with late 
successional stages in boreal regions) or in shade gener
ally cannot acquire sufficient resources to support rapid 
growth. The evolutionary response to resource limita
tion has been an inherently slow growth rate (Fig. 1). 
Such plants grow slowly even in the most favorable en-
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vironments and have low capacities to photosynthesize 
and absorb nutrients (Tab. 1. Grime 1977. Chapin 
1980a). Although growth is slow, plants and plant parts 
tend to be long-lived. Thus long-lived, slowly growing 
evergreen species are commonly found in the most nut
rient-deficient or shaded sites (Klein 1965. Small 1972. 
Chapin 1980a, Coley 1981). Slow turnover of plant 
parts is advantageous in a low-nutrient environment be
cause every time a plant part is shed, it carries with it 
approximately half its maximum nitrogen and phos
phorus pool (Chapin 1980a): such nutrients are not 
readily replaced. However, greater leaf longevity also 
carries with it certain disadvantages. First, a long-lived 
leaf is more likely to encounter unfavorable physical 
conditions. The high fiber content, low water content, 
and thick cuticle of many evergreen leaves may be in 
part an evolutionary response to unfavorable conditions 
such as winter desiccation or summer drought (Levitt 
1976). Such characteristics also lower the palatability 
and digestibility of forage to herbivores (Coley 1981, 
Mould and Robbins 1982). Secondly, long-lived leaves 
are available for attack by herbivores and pathogens for 
a longer time than short-lived leaves and therefore have 
a greater probability of being attacked before being 
shed (Feeny 1976. Rhoades and Cates 1976). The 
obvious evolutionary response in woody species has 
been production of secondary chemicals that deter, and 
are often toxic to. herbivores (e.g. Mooney 1972, Feeny
1976. Rhoades and Cates 1976. Rosenthal and Janzen 
1979, Bryant and Kuropat 1980).

Evergreen species also differ from deciduous species 
in their lack of major storage reserves in stems or roots. 
Thus leaves comprise a larger proportion of total 
biomass in evergreen than in deciduous species and are 
the source of stored nutrients to support leaf growth. 
Evergreen species do not show the seasonal changes in 
stem carbohydrate and nutrient content that reflect 
winter storage typical of perennial deciduous plants 
(Tab. 1. Kozlowski and Keller 1966, Garrison 1972, 
Mooney and Rundel 1979, Chapin et al. 1980a).

In summary, there are several reasons to expect 
strong selection for retention and protection of long- 
lived leaves. Such leaves are expensive to replace if lost 
to an herbivore because (1) the necessary nitrogen and
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phosphorus are in short supply in a low-nutrient envi
ronment; (2) the leaves constitute the major storage 
organ of evergreen plants, and reserves cannot be 
mobilized from other plant parts to replace lost leaves; 
and (3) secondary compounds produced to deter herbi
vores are often energetically expensive to synthesize, so 
that evergreen leaves are energetically expensive to re
place (Mooney 1972, Orians and Solbrig 1977, Miller
1980).
In contrast, species that have evolved in fertile soils

on disturbed sites have been selected to grow rapidly so 
as to outcompete their neighbors and thus dominate 
available light and mineral resources (Fig. 1). These 
plants tend to be more strongly carbon- than nut
rient-limited. so there is strong selection, when mature, 
to invest carbon directly in growth rather than in 
energetically expensive carbon-based antiherbivore 
compounds (Mooney 1972, Bryant and Kuropat 1980). 
Such species often have high leaf turnover rates, so that 
new leaves are produced at the top of the canopy where

Tab. 1. Growth and nutrient allocation of evergreen and deciduous shrubs 
1980b.

in Alaskan tussock tundra. Mean ± SE. From Chapin

Evergreen Deciduous
Ledum pulustre Salix pulchra Betula natia

Leaf relative growth rate (mg g_: d~‘) . . . . 6 29 77
Photosynthetic capacity (mg CO- h_1 g '1) . 14± 1 40±3 37±4
Maximum leaf nitrogen (% dry wt) .......... 3.0 (n= 1) 4.3±0.1
Phosphate absorption rate (pniol h"1 g_l) . ().8±0.1 2.6±0.1
Below ground biomass (% of total) ......... 43±6 70±4 80± 1
Spring decrease in % TNC in belowground stems (A'7o TNC) ............... 18 23 45
Spring decrease in %N in below ground stems (A7o N ).......................... 25 33 42
Spring decrease in %P in below ground stems (A% P) ........................... 28 25 39

High light 
fallibility
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the light environment is more favorable than that of 
older leaves. The shaded leaves lower in the canopy 
then develop a negative carbon balance and are shed 
(Mooney and Gulmon 1982). The inevitable nutrient 
loss associated with rapid leaf turnover is not a strong 
selective influence on these plants because nutrients are 
more readily available in early successional post-fire 
sites dominated by deciduous species than in late suc
cessional evergreen-dominated sites.

3. Evolutionary response of plants to herbivory

3.1. Woody plants

Woody plants frequently experience severe browsing. 
For example, in boreal forests browsing by moose, deer, 
hares, rabbits and voles is a significant cause of mor
tality and retardation of growth in juvenile woody plants 
(e.g. Aldous and Aldous 1944, Beals et al. 1960, 
Crouch 1976, Ericson 1977, Teivainen 1979, Loyt
tyniemi 1981). Because the reproductive value of an 
organism is maximized as it reaches first reproduction 
(Fisher 1958, Roughgarden 1979) and because brows
ing delays reproductive maturity, heavy browsing of 
juvenile woody plants must have a strong negative im
pact on woody plant fitness, and strong selection for 
browsing resistance is expected (Klein 1977, Niemela et 
al. 1980. Bryant and Kuropat 1980, Bryant 1981, in 
press). In Douglas fir browsing resistance is a heritable 
trait with a simple additive genetic variance and is thus 
amenable to natural selection (Dimock et al. 1976). 
Certain plant growth forms, species, individuals and 
growth stages are more resistant to browsing than 
others, indicating that selection for resistance to 
browsing has occurred in woody plants (e.g. Libby and 
Hood 1976, Radwan 1974, Dimock et al. 1976, Klein 
1977, Bryant and Kuropat 1980, Bryant 1981, in press, 
Pehrson 1980, Janzen and Martin 1981).
Resistance to browsing can be achieved either 

through rapid vertical growth and escape from the high- 
risk browsing zone or through selection for morphologi
cal or chemical defensive traits. The type of evolutio
nary response to browsing is constrained by the plant’s 
intrinsic growth rate. Low-resource-adapted woody 
plants, such as black spruce (Picea mariana), or low 
shrubs such as Sheperdia canadensis, have slow growth 
rates which preclude the possibility of escape from the 
high-risk browsing zone by rapid vertical growth. Such 
trees and shrubs have responded evolutionarily to 
browsing by increased production of thorny leaves or 
twigs (e.g. Schaffalitzky de Muckadell 1969, Janzen and 
Marten 1981) or repellent secondary metabolites 
(McKey 1979, Bryant and Kuropat 1980, Gartlan et al. 
1980, Mattson 1980, Coley 1981, McKey and Gartlan 
1981). Moreover, because nutrients are often more 
limiting than light, the defenses of slowly growing 
woody plants are generally carbon-rather than nitro
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gen-based, e.g. tannins and terpenes (McKey 1979, 
Mattson 1980).
At the opposite extreme, trees and shrubs that invade 

more fertile recently disturbed sites, e.g. feltleaf willow 
(Salix alaxensis), quaking aspen (Populus tremuloides) 
and Alaska paper birch (Betula papyrifera ssp. humilis), 
are preadapted to escape through rapid growth. Re
peated disturbance selects for storage of nutrients and 
energy below ground to support rapid shoot growth af
ter destruction of above ground parts (Garrison 1972). 
Thus disturbance-adapted plants can be expected to 
achieve some resistance to browsing because of their 
inherently rapid vertical growth rate and below ground 
storage. Rapid growth is not, however, a complete sol
ution to the browsing problem because browsing can 
cause extensive mortality and growth retardation during 
the few years when plants are young and within reach of 
browsing mammals (Klein 1977). Thus the expected 
response to browsing of rapidly growing, distur
bance-tolerant trees and shrubs includes the evolution 
of defenses during the highly vulnerable juvenile stage 
(Klein 1977, Bryant and Kuropat 1980). The duration 
of vulnerability will vary with the feeding range of the 
herbivore species involved, for example snowshoe hares 
versus moose. Selective pressure for browsing resistance 
appears greater at the lower height range characteristic 
of hares.
Comparison of major Alaskan trees shows the inter

relationship among habitat, growth rate, and plant de
fense discussed above (Fig. 2). The early successional 
trees (poplar, aspen, and birch) have rapid growth rates 
and are less susceptible to browsing by hares in the 
mature than in the juvenile growth stage. In contrast, 
the late successional black spruce has a slow growth rate 
and is relatively unpalatable in both the juvenile and 
mature growth stages. Alder extends from early to mid
succession and is generally intermediate between early 
and late successional species in terms of growth rate and 
browsing resistance.

3.2. Herbaceous plants

The graminoid growth form is selected for by conditions 
of frequent destruction of above ground parts as by fire 
or grazing. In the absence of frequent disturbances, 
graminoids are replaced by woody species that grow 
above the graminoids and dominate the light resource 
(Chapin and Van Cleve 1981). Because of the impor
tance of above ground disturbance in maintaining the 
competitive advantage of graminoids over woody 
species, it is not surprising that graminoids are well- 
adapted to tolerate grazing and have large below- 
ground reserves that enable them to rapidly produce 
new leaves to replace those lost to herbivores 
(McNaughton 1979, Cargill 1981).
As with woody species, growth and leaf turnover 

rates are slowest in low-nutrient-adapted graminoids

OIKOS 40:3 (1983)
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Fig. 2. Resin content of internodes of 4 mm diameter twigs of 
five Alaskan tree species. Biomass of mature and juvenile 
shoots eaten by free-ranging snowshoe hares. Ratio of the 
quantity of mature shoots eaten to the quantity of juvenile 
shoots eaten hv free-ranging snowshoe hares (i.e. defense 
plasticity). Growth of seedlings after nine months under 
optimal growth conditions. Data are mean ± SE. n = 4 for 
resin. 5 for biomass eaten. 5 for defense plasticity, and 6 for 
seedling growth. Fig. 2a-c from Bryant 1981: 2d Chapin un-

(e.g. Clarkson 1967, Chapin 1980a). However, inten
sive herbivory can select for modifications in this gen
eral pattern. For example, at Barrow, Alaska, species 
that predominate in areas of intensive lemming grazing, 
e.g. Dupontia fisheri, produce new leaves continuously 
throughout the growing season and always have newly 
initiated leaves that can regrow quickly following de
foliation. Moreover, such species maintain rhizome 
connections throughout the life of the tiller, so that 
grazed tillers can draw upon reserves of neighboring 
ungrazed tillers (Mattheis et al. 1976, Archer and Ties
zen 1980).
Defenses in dicotyledonous herbaceous plants from 

nutrient-rich sites and in those species with nit

rogen-fixing symbionts are frequently nitrogen-based 
and toxic to most herbivores in small quantities 
(Rhoades and Cates 1976, McKey 1979, Mattson
1980). Such plants are usually selected for rapid growth 
and are carbon-stressed rather than nitrogen-stressed. 
One would not expect these plants to allocate much 
carbon to compounds such as polyphenols or terpenes 
that are not directly growth-enhancing. In contrast, 
graminoids from nutrient-poor sites may have more 
well-developed carbon-based defenses, as in the case of 
tundra graminoids (Jung et al. 1979, Jung and Batzli
1981).
Seeds require light weight and compact storage re

serves. Thus seed antiherbivore defenses tend to be 
highly toxic nitrogen-based and energy-rich substances 
that are deterrent in small quantities and frequently 
double as food reserves for the developing embryo, e.g., 
uncommon amino acids, lectins and toxic lipids (Bell 
1978, Janzen 1978, Siegler 1979).

4. Plant responses to boreal conditions

Boreal conditions produce a unique set of nutrient pat
terns in plants that have important implications for her
bivores. Northern plants typically have high carbohyd
rate levels. This may be due to low temperature limita
tion of growth processes (Warren-Wilson 1966) or to 
low-temperature limitation of decomposition and 
therefore of nutrient availability (Chapin et al. 1980b).
In addition to high carbohydrate levels northern 

plants have high nitrogen concentrations compared to 
similar temperate species despite demonstrated nutrient 
limitation of growth (Klein 1970, Batzli 1983, Chapin 
et al. 1980b). This may be because effective function at 
low temperature requires high enzyme concentrations 
which in turn entail high nitrogen requirements (Chapin 
et al. 1980b). The low productivity of boreal plants 
enables them to maintain high tissue nitrogen concent
rations in conjunction with a low annual nutrient re
quirement (Klein 1970). The lack of summer drought 
stress (Miller et al. 1980) and consequent absence of 
leaves with high fiber and well-developed cuticles may 
be another factor responsible for the high nitrogen con
centrations in leaves of northern plants. In many grazing 
systems, plant protein content is considered the most 
important determinant of herbivore food preference 
(Sinclair 1975). However, the combination of high car
bohydrate and high nitrogen concentrations of tundra 
and boreal forest plants and apparent lack of selection 
for protein-rich plant species or parts by northern 
browsing animals (Klein 1977, Bryant and Kuropat 
1980, Pehrson 1980, Bryant 1981) suggests that other 
factors such as biomass availability (White and Trudell
1980) and secondary chemistry (Klein 1977, Jung et al. 
1979, Bryant and Kuropat 1980, Pehrson 1980, Bryant
1981) may largely explain patterns of palatability of 
northern plants to vertebrate herbivores.
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5. Seasonal patterns of palatability and vulnerability

Plants have distinct seasonal patterns of growth and of 
carbon and nutrient allocation which have important 
implications for palatability and vulnerability to herbi
vores. Deciduous shrubs, forbs and graminoids show a 
rapid burst of growth early in the growing season that 
depends upon and depletes stored carbohydrate and 
nutrient reserves (Tab. 1). Rapidly growing leaves have 
high concentrations of biosynthetic and photosynthetic 
enzymes, which entail high nitrogen concentration: 
abundant membrane, which entails high phosphorus 
concentrations: and low concentrations of structural 
materials, which are of low digestibility and dilute nit
rogen and phosphorus concentrations. In some decidu
ous species there are low concentrations of tannins and 
other carbon-based secondary defense compounds at 
this time, presumably due to the high carbon demand 
for growth (Feenv 1970, Dement and Mooney 1974. 
Rhoades and Cates 1976, Haukioja et al. 1978, Mattson 
1980). Thus early spring is a time when many leaves are 
of maximum nutritional quality to herbivores, and the 
period of intensive feeding activity of short-lived herbi
vores (e.g. insects) or migratory herbivores (e.g. 
caribou) is often concentrated upon this phenological 
stage (Feeny 1970, 1976, Klein 1970. Kuropat and 
Bryant 1979). For example, leaf nitrogen concentration 
of the deer forage species Fauria crista-galli declines 
through the growing season (Fig. 3). However. Sitka 
deer in southeastern Alaska migrate upward in eleva
tion following the retreating snow and are thus able to 
eat young shoots with high nitrogen and presumably low

I -1— I—
30 6 16 29 2 8 18 23 26 II

May June July Aug
Date

Fig. 3. Nitrogen concentration of leaves of Fauria crista-galli 
sampled at 100 m elevation throughout the summer in south
eastern Alaska (open circles) and sampled in areas utilized by 
Sitka deer at different times throughout the summer (filled 
circles). Data from Klein (1965).
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Dote o f D e fo lio tio n
Fig. 4. Effect of defoliation at different times during the grow
ing season upon weight per shoot of the deciduous shrub Salix 
pulchra and the evergreen shrub Ledum palustre in Alaskan 
tussock tundra. Plants were harvested in August the year fol
lowing defoliation. Calculated from Archer and Tieszen 
(1980); vertical lines give ± 1 SE (n = 20).

secondary defense throughout the summer (Fig. 3. 
Klein 1965).
Intense herbivory in early spring can be extremely 

detrimental to plant growth. At Atkasook in northern 
Alaska experimental defoliation had greatest impact 
upon regrowth by deciduous species if it was applied in 
early spring during rapid leaf growth (Fig. 4, Archer and 
Tieszen 1980). In deciduous species exposed to intense 
herbivory there is strong selection to minimize the time 
that leaves remain undefended (Feeny 1970) and to 
employ nitrogen-based defenses, for example alkaloids 
or cyanogenic glycosides, which are toxic in extremely 
small quantities (Dement and Mooney 1974, Feeny 
1976, Rhoades and Cates 1976, Prudhomme 1983). If 
carbon is used for defense of young leaves, it is often the 
product of late season photosynthesis from the previous 
year, for example the bud resins of Populus deltoides 
(Curtis and Lersten 1974). In spring there are often 
strong and competing selective pressures for use of car
bon by deciduous species, on the one hand for rapid leaf 
production so as to maximize photosynthesis through
out the growing season, and on the other hand to effec
tively protect leaves against removal by herbivores. The 
resulting pattern of allocation of carbon depends upon 
the balance of these selective forces. In arctic and sub
arctic climates with short growing seasons we expect 
particularly strong selection for rapid leaf production at 
the beginning of the growing season at the expense of

O IK O S 40:3 (1983)
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Plants have distinct seasonal patterns of growth and of 
carbon and nutrient allocation which have important 
implications for palatability and vulnerability to herbi
vores. Deciduous shrubs, forbs and graminoids show a 
rapid burst of growth early in the growing season that 
depends upon and depletes stored carbohydrate and 
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high concentrations of biosynthetic and photosvnthetic 
enzymes, which entail high nitrogen concentration: 
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concentrations; and low concentrations of structural 
materials, which are of low digestibility and dilute nit
rogen and phosphorus concentrations. In some decidu
ous species there are low concentrations of tannins and 
other carbon-based secondary defense compounds at 
this time, presumably due to the high carbon demand 
for growth (Feeny 197(1. Dement and Moonev 1974. 
Rhoades and Cates 1976. Haukioja et al. 1978. Mattson
1980). Thus early spring is a time when many leaves are 
of maximum nutritional quality to herbivores, and the 
period of intensive feeding activity of short-lived herbi
vores (e.g. insects) or migratory herbivores (e.g. 
caribou) is often concentrated upon this phenological 
stage (Feeny 1970, 1976, Klein 1970, Kuropat and 
Bryant 1979). For example, leaf nitrogen concentration 
of the deer forage species Fauria crista-galli declines 
through the growing season (Fig. 3). However. Sitka 
deer in southeastern Alaska migrate upward in eleva
tion following the retreating snow and are thus able to 
eat young shoots with high nitrogen and presumably low
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Fig. 3. Nitrogen concentration of leaves of Fauria crista-galli 
sampled at 100 m elevation throughout the summer in south
eastern Alaska (open circles) and sampled in areas utilized by 
Sitka deer at different times throughout the summer (filled 
circles). Data from Klein (1965).
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Date o f D e fo lia tio n
Fig. 4. Effect of defoliation at different times during the grow
ing season upon weight per shoot of the deciduous shrub Salix 
pulchra and the evergreen shrub Latum palusrre in Alaskan 
tussock tundra. Plants were harvested in August the vear fol
lowing defoliation. Calculated from Archer and Tieszen 
(1980): vertical lines give ± I SE (n = 20).

secondary defense throughout the summer (Fig. 3. 
Klein 1965). "
Intense herbivory in early spring can be extremelv 

detrimental to plant growth. At Atkasook in northern 
Alaska experimental defoliation had greatest impact 
upon regrowth by deciduous species if it was applied in 
early spring during rapid leaf growth (Fig. 4. Archer and 
Tieszen 1980). In deciduous species exposed to intense 
herbivory there is strong selection to minimize the time 
that leaves remain undefended (Feeny 1970) and to 
employ nitrogen-based defenses, for example alkaloids 
or cyanogenic glycosides, which are toxic in extremely 
small quantities (Dement and Mooney 1974. Feeny 
1976. Rhoades and Cates 1976. Prudhomme 1983). If 
carbon is used for defense of young leaves, it is often the 
product of late season photosynthesis from the previous 
year, for example the bud resins of Populus deltoides 
(Curtis and Lersten 1974). In spring there are often 
strong and competing selective pressures for use of car
bon by deciduous species, on the one hand for rapid leaf 
production so as to maximize photosynthesis through
out the growing season, and on the other hand to effec
tively protect leaves against removal by herbivores. The 
resulting pattern of allocation of carbon depends upon 
the balance of these selective forces. In arctic and sub
arctic climates with short growing seasons w'e expect 
particularly strong selection for rapid leaf production at 
the beginning of the growing season at the expense of
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defense. Young leaves of many tundra and boreal forest 
deciduous plants, particularly willows (Salix spp.), are 
highly palatable to herbivores early in the growing sea
son (e.g. Weeden 1967, Pulliainen 1972, Kuropat and 
Bryant 1979, White and Trudell 1980). suggesting a 
lack of major defenses.
In contrast to deciduous species, evergreens produce 

leaves that continue to grow throughout the growing 
season. Leaf growth in these species is more gradual and 
is apparently less dependent upon stored reserves than 
in deciduous species. Removal of plant tissues by herbi
vores at anv time of year places substantial strain on 
plant reserves, and regrowth following browsing is 
greatly reduced (Fig. 4. Archer and Tieszen 1980). In 
both the arctic tundra and boreal forest of Alaska the 
leaves and twigs of evergreens, for example Labrador 
tea (Ledum  palusire) and black spruce, are highly un
palatable and toxic throughout the year to both verte
brate and invertebrate herbivores, presumably because 
thev are heavilv defended chemically throughout the 
year (Klein 1965. 1970. 1977. Jung et al. 1979. 
Kuropat and Bryant 1979, Bryant and Kuropat 1980. 
Jung and Batzli 1981. Bryant in press).

6. Phenotypic response of plants to nutrient or 
carbon limitation

We suggest that the response of all plants to reduced 
nutrient availability is qualitatively similar (Fig. 5). 
When nutrients are less available in the soil, less nut
rients are absorbed. A reduction in nutrient concentra
tion reduces photosynthetic rate directly by reducing

RuBP carboxylase, chlorophyll, and phospholipid con
tents and indirectly by increasing leaf longevity; older 
leaves tend to have reduced photosynthetic rates 
(Mooney 1972. Chapin 1980a. Mooney and Gulmon
1982). Growth is the process most strongly affected by 
nutrient stress. The decline in growth with nutrient 
stress is generally greater than the decline in photosyn
thesis so that carbohydrates and carbon-based secon
dary metabolites such as phenols accumulate (Shigo 
1973. Wong 1973. McKey 1979) Under conditions of 
nutrient limitation carbon is relatively "cheap", and the 
nutrients in leaves are difficult to replace, for the 
reasons outlined in the previous sections. Therefore it is 
not surprising to see carbon-based secondary defenses 
rise under conditions of nutrient limitation, whereas 
nitrogen-based defenses decline (Wilde et al. 1948. 
Shigo 1973, Gartlan et al. 1980. McKey 1979).
The plant phenotypic response to carbon stress due to 

insufficient light is essentially the converse of that de
scribed above (Fig. 5). Photosynthesis and carbohydrate 
concentrations decline. Growth rate is reduced more 
severely than is nutrient absorption, so that tissue nut
rient concentrations accumulate above levels necessary 
to support growth. Under such circumstances one finds 
a reduction in carbon-based defense such as terpenes 
and phenolics and in some species, particularly her
baceous plants, accumulation of alkaloids, cvanogenic 
glycosides and other nitrogen-based defense com
pounds (Fig. 5). because under such circumstances nut
rients are cheap relative to carbon. Similarly, following 
fertilization or the nutrient release that accompanies 
fire, tissue nutrient concentrations increase, and growth 
is stimulated more strongly than photosynthesis, so that

Low  N utrien ts
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Jrr . ^  ,
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Fig. 5. Effect of suboptimal nutrient or light availability upon carbon-nutrient relationships of plants and upon concentrations of 
nitrogen- and carbon-based defenses. Vertical arrows within boxes indicate increase (j ) or decrease (j ) in the parameter. Arrows 
between boxes indicate positive effect unless otherwise indicated (-). Thickness of arrow indicates magnitude of effect. See text 
for explanation.
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concentrations of carbohydrates and carbon-based de
fenses decline and nitrogen-based defenses increase.
Because the carbon-nutrient status of plants affects 

their nutrient and secondary metabolite content, it af
fects their palatability and resistance to herbivores. 
Nitrogen fertilization affects browsing resistance, in 
some cases decreasing resistance and in other cases in
creasing it (Behrend 1973. Shigo 1973). For example, 
nitrogen fertilization of nutrient-limited evergreens 
such as red heather (Calluna vulgaris). Scots pine (Pinus 
sylvestris). jack pine (P. banksiana) and Douglas-fir 
(Pscudotsuga mcnziesii) decreased their resistance to 
browsing (Wilde et al. 1948. Miller 1968. Connolly et 
al. 1980. Loyttyniemi 1981). In contrast, nitrogen fer
tilization of barley (Hordeum vulgare) increased its re
sistance to hare grazing (Hewson 1977). In all cases 
plant nitrogen content was significantly increased. Thus 
increasing plant nitrogen content does not lead to con
sistent patterns of change in herbivore resistance by 
plants.
A possible explanation for these conflicting results is 

that in nutrient-limited evergreens, nitrogen fertiliza
tion increased growth at the expense of carbon-based 
secondary metabolite production (Fig. 5, Wilde et al. 
1948. Shigo 1973. McKey 1979. Lbvttyniemi 1981), 
whereas in rapidly growing herbaceous species like 
barley nitrogen fertilization caused an increase in nit
rogen-based secondary metabolites such as the alkaloid 
hordenine (Culvenor 1973. Robinson 1979). Thus, the 
effect of fertilization upon browsing resistance may be a 
consequence of the effect of plant carbon-nutrient bal
ance upon secondary metabolite production.

7. Phenotypic response of plants to herbivory

7.1. Woody plants and browsing

Heavy pruning, resulting from browsing, causes ma- 
ture-form woody plants to revert to the browsing-resis
tant juvenile form (Sect. 3.1. Schaffalitzky de Muc
kadell 1969, Kozlowski 1971). For example, pruned 
Malus robusia produce thorny juvenile shoots (Blair et 
al. 1956) and hedging of Monterey Pine causes mature 
shoots to revert to a juvenile form resistant to hare 
browsing (Libby and Hood 1976). Similarly, snowshoe 
hare browsing of deciduous boreal forest trees and 
shrubs causes the production of adventitious shoots that 
are less palatable to snowshoe hares than are ma- 
ture-form plants (Klein 1977, Pehrson 1980, Bryant 
1981. Fig. 2). By the reversion of unbrowsed mature- 
form woody plants to a browsing-resistant juvenile 
form, such plants are less likely to be repeatedly 
browsed. They are thus favored in competition during 
periods of high risk to repetitive browsing, for example 
during peaks in hare cycles when there is severe brows
ing over a several-year period (Pease et al. 1979, Wolff 
1980, Bryant 1981, in press).
Repeated pruning of juvenile woody plants cause no
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further increase in browsing resistance and, in the case 
of moose browsing, may result in decreased resistance 
(Machida 1979, Loyttyniemi 1981). Thus repeated 
pruning of a juvenile woody plant may reduce its carbon 
reserves to the extent that it can no longer maintain 
both compensatory growth and resistance. If this is the 
case, evergreens that have relatively small below ground 
carbon reserves should be particularly susceptible to re- 
petetive browsing. On the other hand, the repetetive 
browsing observed by Machida (1979) and Loyttyniemi 
(1981) may simply be the result of moose using low 
resistance genotypes.
Age-specific browsing resistance is related to the 

overall growth strategy of the plant (Fig. 2). Retention 
of nutrient and carbon reserves in evergreen leaves or 
long-lived twigs greatly reduces the capacity of slowly 
growing plants to respond to browsing, because brows
ing removes the plant's carbon and nutrient reserves. 
For example, browsing of slowly growing evergreens 
increased mortality but does not cause adventitious 
shoot production (Aldous 1952, Krefting and Stoeckler 
1953. Archer and Tieszen 1980). The defensive re
sponse of slowly growing evergreens to browsing is a 
well-developed constitutive resistance with little

l \
Fig. 6. Mature (left) and juvenile (right) twigs of Betula 
papyriferu xsp. humilis from Alaska. Note resin accumulations 
on juvenile twig.
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capacity to  increase resistance in response to browsing: 
they arc heavily defended throughout life (Klein 1977. 
Bryant and K uropat 1980. Coley 1981). Conversely, 
rapidly growing d isturbance-adapted woody plants have 
large below ground carbon reserves, which are neces
sary to support regrowth and a facultative defense and 
exhibit a well-developed juvenile resistance syndrome 
(Fig. 2). In birch the resin accumulates in droplets on 
the surface of twigs, clearly showing the higher defense 
level of juvenile compared to mature-growth-form twigs 
(Fig. 6).

7.2. Graminoids and grazing

Among graminoids. as in woody plants, nutrient limita
tion results in carbon accumulation above levels needed 
for growth. However, in graminoids this carbon ac
cumulates as below ground reserves rather than as car
bon-based secondary chemicals. Grazing of such plants 
results in rapid leaf regrowth supported by below- 
ground carbohydrate and nutrient reserves. Because 
such plants have abundant carbohydrate reserves, leaf 
regrowth following defoliation may be limited more by 
below ground nutrient reserves than by carbohydrates 
(Chapin 1977). ' ’

Grazing short-circuits the decomposition process be
cause many nutrients are returned to the soil in waste 
products of grazers in a form immediately available to  
plants. For example, plants subject to grazing and defe
cation by geese have a longer season of growth than do 
control plants, an effect also caused by nitrogen fertili
zation. The net effect is greater annual production in 
grazed or fertilized plants relative to controls (Cargill
1981).

We suggest that the dynamics of grazing and browsing 
systems will differ considerably because of constraints 
placed on plant evolutionary response to herbivory. 
Unlike woody plants, graminoids respond to grazing by 
compensatory growth of nutritious shoots at the ex
pense of below ground reserves. This may account for 
the observation of repetitive grazing of plants in 
graminoid systems as diverse as reindeer or geese in 
high arctic grasslands (Holt 1979. Cargill 1981), green 
turtles in tropical seagrass beds (Bjorndahl 1980) and 
wildebeest in tropical savannas (McNaughton 1979.
1983). The longevity of graminoid-grazer "mutualisms" 
may depend upon rapid return of available nutrients to 
the soil in urine and feces or upon nutrient release from 
litter in fire.

7.3. Plant-herbivore dynamics in boreal forests

In early stages of forest succession, where light is not 
limiting, browsing may result in an increase in plant 
defenses. For example, during the peak phase of the 
ten-year snowshoe hare cycle hares severely browse 
their preferred food supply. These rapidly growing early 
successional trees and shrubs (Grange 1949. Dodds

j j H i
TIME AFTER BROWSING (Years) 

r time after browsing of dwarf birch

i Alaski

domly selected in the height range of hares in Alberta at var
ying times after the peak in snowshoe hare populations (Pease 
et al. 1979). (d) resin content of 4 mm shoots produced at

piedonvea™U"rt brows!nttIarer unbmw'sed controls. Data'are 
mean ± SE. n = 5. "

1960. DeVos 1964. Pease et al. 1979. Wolff 1980) in 
turn respond to hare browsing by producing adventiti
ous shoots (DeVos 1964. Bryant unpubl.). These shoots 
are even less palatable to hares than are late succes
sional evergreens, such as black spruce, on which 
snowshoe hares cannot survive for extended periods of 
time (Bookhout 1965. Klein 1977. Bryant 1981. in 
press. Fig. 2). Thus the consequence of hare browsing 
during the peak of the hare cycle is a serious reduction 
in the nutritive quality of the hare 's winter browse sup
ply.

May (1975) suggests that the hare cycle is a stable 
vegetation/herbivore limit cycle. The periodicity of the 
cycle is presumed to be a consequence of a time-delayed 
negative feedback related to the vegetation recovery 
process following severe browsing during the peak 
phase of the cvcle. The duration of the feedback is pre
dicted to be 'm the period of the cycle, or 2 to 3 yr. 
Experimental studies (Fig. 7a.b) and field observations 
(Fig. 7c.d. Pease et al. 1979) indicate that the adventiti
ous shoots produced by hare browsing, during the peak 
phase of the hare cycle are chemically defended for the 
2- to 3-vr period predicted by May (1975). Thus a plant 
defensive response that is compatible with, and ex
pected from, considerations of woody plant evolutio
nary responses to hare browsing may provide the timer 
for the ten-year hare cycle.
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Late stages of forest successions are characterized by 
highly defended stress-tolerant trees and shrubs. We 
expect that herbivore productivity will be severely li
mited in such systems because of a lack of usable re
sources. We further expect that hare cycles will not be 
characteristic of large, monotonous late successional 
forests because of a lack of responsive, early succes
sional trees and shrubs in these forests.

8. Conclusions

We conclude that carbon-nutrient balance of plants 
strongly affects their palatability and response to herbi
vores over evolutionary and physiological time scales. 
Woody plants adapted to low-resource environments 
have inherently slow growth rates that limit their 
capacity to replace browsed tissue through compensat
ory growth. These low-resource-adapted plants have 
responded to browsing by evolving chemical defenses 
that are well-developed throughout the life of the plant. 
In contrast, high-resource-adapted plants have rapid 
growth rates that enable them quickly to grow beyond 
the range of browsing mammals and to replace browsed 
parts rapidly. These plants are chemically defended only 
in the juvenile phase. In nutrient-limited environments 
chemical defenses are largely carbon-based. In high- 
nutrient or low-carbon environments carbon-based de
fenses decline, and nitrogen-based defenses become 
more important.
Mature woody plants respond to browsing by pro

ducing juvenile shoots with well-developed chemical 
defenses, particularly in the case of high-nutrient- 
adapted species that have abundant below ground re
serves. When mammals such as snowshoe hares severely 
overbrowse their food supply, the toxic juvenile shoots 
which plants produce in response to browsing may play 
an important role in causing the decline and in regulat
ing the rate of recovery of these animal populations.
Although these generalizations have developed from 

study of the interactions of mammals and woody plants, 
we feel that carbon-nutrient balance of all plants as de
termined by resource availability in the environment, 
must play an important role in determining levels, pat
terns. and types of plant defense and the nature of in
teractions between plants and herbivores.
Acknowledgements -  Research leading to these generalizations 
was funded by NSF grant DEB-78-23919. We thank Ci. Batzli. 
H. Mooney, and M. Dyer for critical review of the manuscript.

References
Aldous. C. M. and Aldous, S. E. 1944. The snowshoe hare -  a 

serious cnemv of forest plantations. -  J. Forestry 42: 
88-94. '

Aldous. S. E. 1952. Deer browse clipping studv in the Lake 
States Region. -  J. Wildl. Manage. 16: 401^409.

366

Archer. S. and Tieszen. L. L. 1980. Growth and physiological 
responses of tundra plants to defoliation. -  Arct. Alp. Res. 
12: 531-552.

Batzli. G. O. 1983. Responses of arctic rodent populations to 
nutritional factors. -  Oikos 40: 396-406.

Beals. E. W„ Cottam. G. W. and Vogl. R. J. 1960. Influence of 
deer on vegetation of the Apostle Islands, Wisconsin. -  J. 
Wildl. Manage. 24: 68-79.

Behrend. D. F. 1973. Wildlife management -  forest fertiliza
tion relations. -  In: Forest fertilization. U.S. For. Serv. 
Gen. Tech. Rept. NE-3, pp. 108-110.

Bell. E. A. 1978. Toxins in seeds. -  In: Harborne. J. B. (ed.). 
Biochemical aspects of plant and animal coevolution, pp. 
144-161.

Bevlovskv, G. E. 1978. Diet optimization in a generalist herbi
vore: the moose. -  Theoret. Pop. Biol. 14: 105-134.

-  1981. Food selection bv a generalist herbivore: the moose. 
-  Ecology 62: 1020-1030.

Bjorndahl, K. A. 1980. Nutrition and grazing behavior of the 
green turtle Chelonia mvdas. -  Marine Biol. 65: 147-154. 

Blair. D. S.. MacArthur. M., and Nelson. S. FI. 1957. 
Observations in the growth phases of fruit trees. -  Proc. 
Am. Hort. Soc. 67: 75-79.

Bookhout. T. A. 1965. The snowshoe hare in Upper Michigan 
and its biology and feeding coactions with white-tailed 
deer. -  Mich. Dept. Conserv. Res. Develop. Rep. No. 38. 
198 pp.

Bryant. J. P. 1981. Phytochemical deterrence of snowshoe 
hare browsing bv adventitious shoots of four Alaskan 
trees. -  Science 213: 889-890.

-  In press. The regulation of snowshoe hare feeding behavior 
during winter by plant antiherbivore chemistry. -  In: Proc. 
Int. Lagomorph Conf. 1st. Guelph Univ.. Canada.

-  and Kuropat. P. J. 1980. Selection of winter forage by 
subarctic browsing vertebrates: The role of plant chemis
try. -  Ann. Rev. Ecol. Svst. 11: 261-285.

Cargill. S. M. 1981. The effects of grazing by lesser snow geese 
on the vegetation of an arctic salt marsh. -  M. S. thesis. 
Univ. of Toronto. Toronto. Canada.

Chapin. F. S.. III. 1977. Nutrient/carbon costs associated with 
tundra adaptations to a cold nutrient-poor environment. -  
In: Proc. Circumpolar Conf. on Northern Ecology. Natl 
Res. Council of Canada. Ottawa, pp. 1183-1194.

-  1980a. The mineral nutrition of wild plants. -  Ann. Rev. 
Ecol. Syst. 11: 233-260.

-  1980b. Nutrient allocation and responses to defoliation in 
tundra plants. -  Arct. Alp. Res. 12: 553-563.

-  and Van Cleve. K. 1981. Plant nutrient absorption and 
retention under differing fire regimes. -  In: Mooney. H.
A.. Bonnicksen. T. M.. Christensen. L. N.. Lotan, j. E.. 
and Reiners. W. A. (eds.). Fire regimes and ecosystem 
properties. USDA Forest Service. Genera] Technical 
Rept.. Washington, pp. 301-321.

-  . Johnson. D. A., and McKendrick. J. D. 1980a. Seasonal 
movement of nutrients in plants of differing growth form in 
an Alaskan tundra ecosystem: Implications for herbivory. 
-  J. Ecol. 68: 189-209.'

-  . Tieszen, L. L.. Lewis, M. C.. Miller. P. C. and McCown,
B. H. 1980b. Control of tundra plant allocation patterns 
and growth. -  In: Brown. J.. Miller. P. C., Tieszen. L. L. 
and Bunnell. F. (eds.). An Arctic ecosystem: The coastal 
tundra of northern Alaska. Dowden, Hutchinson & Ross. 
Stroudsburg. PA, pp. 140-185.

Clarkson. D. T. 1967. Phosphorus supply and growth rate in 
species of Agrosiis L. -  J. Ecol. 55: 111-118.

Coley. P. D. 1981. Ecological and evolutionary responses of 
tropical trees to herbivory: A quantitative analysis of 
grazing damage, plant defenses and growth. -  Ph.D. dis
sertation, Univ. of Chicago.

OIKOS 40 :3 (1 98 3 )

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Connolly. G. E.. Ellison. B. O.. Fleming. J. W.. Geng. S.. 
Kepner. R. E.. Longhurst. \V. M.. Oh. J. H. and Russell, 
(j. F. 1980. Deer browsing of Douglas-fir trees in relation 
to volatile terpene composition and in vitro fermentabilitv.
-  Forest Sci. 2b: 179-193.

Crouch. G. L. 197b. Wild animal damage to forests in the 
United States and Canada. -  In: XUl IUFRO World Con
gress Proc.. Div. 11. Norway, pp. 468-478.

Culvenor. C. C. 1973. Alkaloids. -  In: Butler. G. W'. and 
Bailey. R. W. (eds.). Chemistry and biochemistry of her
bage." Academic Press. New York. pp. 375—379.

Curtis. J. D. and Lersten. N. L. 1974. Morphology, seasonal 
variation, and function of resin glands on buds and leaves 
of I’opulus dehoides (Salicaceae). — Am. J. Bot. 61:

Dement. W. A. and Mooney. H. A. 1974. Seasonal variation in 
the production of tannins and cyanogenic glucosides in the 
Chaparral shrub. Ileieromeles arbutifuliu. -  Oecologia 
(Berl.) 15: 65-76.

DeVos. A. 1964. Food utilization of snowshoe hares on Man- 
itoulin Islands. Ontario. -  J. Fur. 62: 238-244.

Dimock. E. J.. II. Silen. R. R. and Allen. V. E. 1976. Genetic 
resistance in Douglas-fir to damage by snowshoe hare and 
black-tailed deer. -  For. Sci. 22: 2(16-121.

Dodds. D. G. 196(1. Food competition and range relationships 
of moose and snowshoe hare in Newfoundland. -  J. Wildl. 
Manage. 24: 53-6(1.

Ericson. L. 1977. The influence of voles and lemmings on the 
vegetation in a coniferous forest during a lour-year period 
in northern Sweden. -  Wahlenhergia V. 4. Uniy. of Umea. 
l :mea. Sweden.

Feenv. P. 197(1. Seasonal changes in oak leal tannins and nut
rients as a cause of sprine feeding hv winter moth caterpil
lars. -  Ecology 51: 565-581. " "

-  1976. Plant apparency and chemical defense. -  In: Wal
lace. J. W. and Mansell. R. L. (eds.). Biochemical interac
tions between plants and insects. Plenum. New York. pp.

Fisher. R. A. 1958. The genetical theory of natural selection. -  
2nd Rev. Ed. Dover. New York.

Garrison. G. A. 1972. Carbohydrate reserves and response to 
use. -  In: Wildland Shrubs-Their Biology and Utilization. 
U.S.D.A. For. Serv. Gen. Tech. Rcpt. In T-l. Logan. 
L’tah. Utah State Univ.

Gartlan. J. S.. Waterman. P. G.. McKey. D. B.. Mbi. C. N. and 
Struhsaker. T. T. 198(1. A comparative study ot the 
phvtochemistrv of two African rainforests. -  Biochem. 
Syst. Ecol. 8: 401-422.

Grange. W. B. 1949. The way to game abundance. -  Charles 
Schribners. New York.

Grime. J. P. 1977. Evidence for the existence of three primary 
strategies in plants and its relevance to ecological and 
evolutionary theory. -  Am. Nat. 111:1 169-1 194.

Haukioja. E.. Niemela. P.. Iso-Iivari. L.. Ojala. H. and Aro. E.
1978. Birch leaves as a resource for herbivores. I. Varia
tion in the suitability of leaves. -  Rep. Kevo Subarctic Res. 
Stat. 14: 5-12. "

Hewson. R. 1977. Food selection by brown hares (Lepus 
capensis) on cereal and turnip crops in Northeast Scotland. 
- J .  appl. Ecol. 14: 779-785.

Holt. S. 1979. Vegetation patterns and effects of grazing on 
caribou ranges in the Sondre Stromfjord area. West 
Greenland. -  In: Reimers. E.. Gaare. E. and Skjenneberg.
S. (eds.). Reindeer-Caribou Symposium II. pp. 57-64.

Janzen. D. FI. 1978. The ecology and evolutionary biology of 
seed chemistry as relates to seed predation. -  In: Har- 
borne. J. B. (ed.). Biochemical aspects of plant and animal 
coevolution. Academic Press, pp. 163-206.

-  1979. New horizons in the biology of plant defenses. -  In: 
Rosenthal. Ci. A. and Janzen. D. H. (eds.). Herbivores: 
Their interaction with secondary plant metabolites. 
Academic Press. New York. pp. 331-348.

O IKOS « i :3  IGs.V)

-  and Martin. P. S. 1981. Neotropical anachronisms: the 
fruit the Gompholheres ate. -  Science 215: 19-27.

Jung. H. G. and Batzli. G. O. 1981. Nutritional ecology of 
microtine rodents: effect of plant extracts on the growth of 
arctic microtines. -  J. Mamm. 62: 286-292.

-  . Batzli. G. O. and Seigler. D. S. 1979. Patterns in the 
phvtochemistrv of arctic plants. -  Biochem. Svst. Ecol. 7: 
230-239. "

Klein. D. R. 1965. Ecology of deer range in Alaska. -  Ecol. 
Monogr. 35: 259-284.

-  1970. Tundra ranges north of the boreal forest. -  J. Range 
Manage. 23: 8-14.

-  1977. Winter food preferences of snowshoe hares {Lepus 
americanus) in interior Alaska. -  Proc. Int. Congr. Game 
Biol. 13: 266-275.

Kozlowski. T. T. 1971. Growth and development of trees. -  
Vol. 1. Academic Press.

-  and Keller. T. 1966. Food relations of woodv plants. -  Bot. 
Rev. 32: 293-382. "

Krefting. L. W. and Stoeckler. J. H. 1953. Effect of simulated 
snowshoe hare and deer damace on planted conifers in the 
Lake States. -  J. Wildl. Manage. 17: 487-494.

Kuropat. P. and Bryant. J. 1979. Foraging behavior of cow 
caribou on the Utukok Calving Ground in northwestern 
Alaska. -  In: Reimers. E.. Gaare. E. and Skjenneberg. S. 
(eds.). Second Int. Reindeer-Caribou Symp.. pp. 64-71. 

Levitt. J. 1972. Responses of plants to environmental stresses.
-  Academic Press. New York.

Libbv. W. J. and Hood. J. V. 1976. Juvenility in hedged radiata 
pine. -  Acta Horticulturae 56: 91-98.

Lovttvniemi, K. 1981. Nitrogen fertilization and nutrient con
tents in Scots pine in relation to the browsing preference by 
moose {Alces alces). -  Folia Forestalia 487: 1-14. 

Machida. S. 1979. Differential use of willow species by moose 
in Alaska. -  M. Sci. Thesis. Univ. of Alaska. Fairbanks.
AK. _

Mattheis. P. J.. Tieszen. L. L. and Lewis, M. C. 1976. Re
sponses of Duponiia fischeri to simulated lemming grazing 
in an Alaskan arctic tundra. -  Ann. Bot. 4(1: 179-197. 

Mattson. W. J.. Jr. 1980. Herbivory in relation to plant nit
rogen content. -  Ann. Rev. Ecdl. Syst. 11: 119-161.

May. R. M. 1975. Stability and complexity in model ecosys
tems. Second ed. -  Princeton Univ. Press. Princeton. NJ. 

McKey. D. 1979. The distribution of secondary compounds 
within plants. -  In: Rosenthal. G. A., and Janzen. D. H. 
(eds.). Herbivores: Their interaction with secondary plant 
metabolites. Academic Press. New York. pp. 55-133.

-  and Gartlan. J. S. 1981. Food selection by black colobus 
monkeys {Colobus sanmus ) in relation to plant chemistry.
-  Biol. J. Linn. Soc. 16: 115-146.

McNaughton. S. J. 1979. Grazing as an optimization process: 
crass : ungulate relationships in the Serengetti. -  Am. Nat. 
113: 691-703.

-  1983. Compensatory plant growth as a response to herbi- 
vorv. -  Oikos 40: 329-336.

Miller. P. C. 1980. Quantitative plant ecology. -  In: Horn. D.. 
Stairs. G. R. and Mitchell. R. D. (eds.). Analysis of 
ecosystems. Ohio State Univ. Press. Columbus. OH. pp. 
179-231.

-  . Webber. P. J.. Oechel. W. C. and Tieszen. L. L. 1980. 
Biophysical processes and primary production. -  In: 
Brown. J. Miller. P. C.. Tieszen. L. L. and Bunnell. F. L. 
(eds.). An Arctic ecosystem: The coastal tundra at Barrow 
Alaska. Dowden. Hutchison & Ross. Stroudsburg. PA. pp. 
6 6 - 1 0 1 .

Miller. R. G. 1968. Evidence for selective feeding on fertilized 
plots by red urouse. hares and rahbits. -  J. Wildl. Manage. 
32: 849-852"

Moonev. H. A. 1972. The carbon balance of plants. -  Ann. 
Rev. Ecol. Svst. 3: 315-346.

367

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-  and Rundel, P. W. 1979. Nutrient relations of the ever
green shrub, Adenosioma fascicutaium in the California 
chapairal. -  Bot. Gaz. 140: 109-113.

-  and Gulmon, S. L. 1982. Environmental and biological 
constraints on leaf structure and function in reference to 
herbivory. -  Am. Sci. (in press).

Mould, E. D. and Robbins, C. T. 1982. Digestive capabilities 
in elk compared to white-tailed deer. -  J. Wildl. Manage. 
46: 22-29.

Niemela, P., Tuomi, J. and Haukioja, E. 1980. Age-specific 
resistance in trees: Defoliation of tamaracks (Larix 
laricina) by larch bud moth (Zeiraphera improbana) (Lep. 
tortricidae). -  Rep. Kevo Subarctic Res. Stat. 16: 49-57.

Orians. G. H. and Solbrig, D. T. 1977. A cost-income model of 
leaves and roots with special reference to arid and semi- 
arid areas. -  Am. Nat. I ll :  677-690.

Pease, J. L„ Vowles, R. H. and Keith, L. B. 1979. Interaction 
of snowshow hares and woody vegetation. -  J. Wildl. Man
age. 43: 43-60.

Pehrson, A. 1980. Intake and utilization of winter food in the 
mountain hare (Lepus rimidus L.) -  A laboratory inves
tigation. -  Ph. D. dissertation. Dept, of Zoology, Univ. of 
Stockholm. Sweden.

Prudhomme. T. 1983. Carbon allocation to antiherbivore 
compounds in a deciduous and an evergreen subarctic 
shrub species. -  Oikos 40: 344-356.

Pulliainen. E. 1972. Nutrition of the arctic hare (Lepus 
timidus) in northeastern Lapland. -  Ann. Zool. Fennici 9: 
17-22.

Radwan, M. A. 1974. Natural resistance of plants to mammals. 
-  In: Black, H. C. (ed.). Wildlife and forest management in 
the Pacific Northwest. For. Res. Lab. School of Forestry, 
Oregon State Univ., Corvallis, OR, pp. 85-94.

Rhoades, D. F. and Cates, R. G. 1976. Toward a general 
theory of plant antiherbivore chemistry. -  In: Wallace, J. 
W.. and Mansell. R. L. (eds.), Recent advances in 
phytochemistry. Vol. 10: biochemical interactions between 
plants and insects. Plenum, New York. pp. 168-213.

Robinson, T. 1979. The evolutionary ecology of alkaloids. -  
In: Rosenthal. G. A., and Janzen, D. H. (eds.). Herbi
vores: Their interaction with secondary plant metabolites. 
Academic Press. New York, pp. 413-442.

Rosenthal. G. A., and Janzen, D. H. 1979. Herbivores: Their 
interaction with secondary plant metabolites. -  Academic 
Press, New York.

Roughgarden. J. 1979. Theory of population genetics and 
evolutionary ecology: an introduction. -  MacMillan, New 
York. .

Schaffalitzky de Muckadell, M. 1969. Environmental factors in { 
development stages of trees. -  In: Kozlowski, T. T. (ed.), 
Tree growth. Chapt. 18. Ronald Press, New York.

Shigo, A. L. 1973. Insect and disease control: forest fertiliza
tion relations. -  In: Forest fertilization. U.S. For. Serv. 
Gen. Tech. Rept., NE-3: 117-121.

Siegler. D. S. 1979. Toxic seed lipids. -  In: Rosenthal. G. A. 
and Janzen. D. H. (eds). Herbivores: Their interaction 
with secondary plant metabolites. Academic Press. New 
York.

Sinclair. A. R. E. 1975. The resource limitation of trophic 
levels in tropical grassland ecosvstems. -  J. Anim. Ecol. 
44: 497-520. '

Small, E. 1972. Photosynthetic rates in relation to nitrogen 
recycling as an adaptation to nutrient deficiency in peal 
bog plants. -  Can. J. Bot. 50: 2227-2233.

Teivainen, T. 1979. Vole damage to forest tree seedlings in 
reforested areas and fields in Finland in the years 
1973-1976. -  Folia Forestalia 387: 1-23.

Warren-Wilson. J. 1966. An analysis of plant growth and its 
control in arctic environments. -  Ann. Bot. 30: 383—402.

Weeden, R. B. 1967. Seasonal and geographic variation in the 
foods of adult white-tailed ptarmigan. -  Condor 69: 
303-309.

Westoby, M. 1974. An analysis of diet selection by large 
generalist herbivores. -  Am. Nat. 108: 290-304.

White, R. G. and Trudell. J.d 1980. Habitat preference and 
forage consumption by reindeer and caribou near At- 
kasook, Alaska. -  Arct. Alp. Res. 12: 511-529.

Wilde, S. A., Nulbandov, O. G. and Yu. T. M. 1948. Ash. 
protein and organo-solubles of jack-pine seedlings in rela
tion to soil fertility. -  J. Forestry 46: 829-831.

Wolff, J. O. 1980. The role of habitat patchiness in the popu
lation dynamics of snowshoe hares. -  Ecol. Monogr. 50: 
111-129.

Wong. E. 1973. Plant phenolics. -  In: Butler. G. W. and 
Bailey, R. W. (eds.). Chemistry and biochemistry of her
bage. Academic Press, New York. pp. 265-316.

Zimmermann. M. H. and Brown. C. L. 1971. Trees: Structure 
and function. -  Springer, New York.

OIKOS 40:3 (19831

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



21 August 1981, Volume 213, pp. 889-890 SCIENCE

Phytochemical Deterrence of Snowshoe Hare Browsing by 
Adventitious Shoots of Four Alaskan Trees

John P. Bryant

Copyright (D 1981 by the American Association for the Advancement of Science

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



most untouched regardless of the hare 
density at the feeding station. Adventi
tious shoots of each of the above four 
tree species normally contain at least 
twice this resin concentration (Fig. I). 
Furthermore, balsam poplar and green 
alder resins were much more repellent 
than those of quaking aspen and paper 
birch IP<  .001). indicating that resin 
repellence has a species-dependent qual
itative component (Fig. 2). The ether- 
treated and untreated control twigs did 
not differ in their palatability IP > .401. 
indicating that treatment with ether had 
no effect on twig palatability.

Although slightly more treated twigs 
were eaten at the feeding stations that 
were visited by more hares IP < .051. 
presumably because the more dense hare 
subpopulations were more food-limited, 
most of the experimental variance was 
explained by the resin treatments (Fig. 
2). Thus, it would appear that these 
resins effectively repel even food-limited 
snowshoe hares 18).

While the potency of these resins as 
hare repellents presumably explains why 
the adventitious shoots of the species 
tested are less palatable to snowshoe 
hares than their mature-growth-form 
twigs, neither the exact chemical compo
sition nor the mode of biological activity 
of these resins is known. However, alder 
and poplar resins contain several methyl
ated flavonols (9). which may lower pro
tein digestibility (4). Alder, poplar, and 
birch resins contain antibiotics 110) that 
may upset vitamin production and diges
tion in the hare's cecum 14). Moreover, 
ingestion of mountain birch IB. pubes- 
cens) adventitious shoots by mountain 
hares IL. timidusI results in sodium loss 
III). Sodium loss by hares under cold 
conditions may lead to a shock syn
drome 112) similar to that described 113) 
for a declining snowshoe hare popula-

Regardless of the biological basis for 
resin repellence. the fact that preferred 
browse species of the snowshoe hare- 
such as aspen, balsam poplar, and paper 
birch—produce unpalatable, resinous 
adventitious shoots after severe brows
ing by peak snowshoe hare populations 
(J. 4) suggests an extreme flexibility with 
respect to chemical defense in the snow- 
shoe hare's preferred browse supply. 
Such defensive flexibility is advanta
geous to woody plants of the boreal 
forest because energy-rich substances 
such as resins (14) appear to be produced 
after severe hare browsing, and carbon is 
allocated to growth and other processes 
when there is little browsing. Moreover, 
because (i) hare browsing during the 
peak phase of the 10-year hare cycle

results in the production of adventitious 
shoots by the snowshoe hare's preferred 
browse species 131. (ii) these adventi
tious shoots have been experimentally 
shown to be of extremely low palatabil
ity to snowshoe hares 14). tiiii the nutri
tive quality of browse to snowshoe hares 
has been experimentally demonstrated 
to be directly proportional to its pay
ability 1/5) and <iv) the low palatability of 
adventitious shoots is a consequence of a 
high secondary metabolite content, these 
results suggest that browsing-induced 
plant defenses may play a role in the 
regulation of the 10-year hare cycle.

John P. Bryant 
Institute of Arctic Biotope.
University of Alaska. Fairbanks 99701
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Pinosylvin Methyl Ether Deters 
Snowshoe Hare Feeding on Green Alder

Abstract. Pinosylvin methyl ether (PME). a toxic phenol, is a potent deterrent to 
show shoe hare feeding on green alder. Concentrations of PME found in green alder 
parts can account for the low palatability of winter-dormant foliar buds and 
staminate catkins but cannot affect internode palatability. The lack of a PME-related 
defense system in intemodes suggests that green alder has al least a two-level 
defense system: defense of growth stages and defense of parts within growth stages.

Herbivores do not feed on all parts of a and methanol-soluble phenolic constitu- 
plant; they usually eat specific parts II). ' ' . — ..
For example, when feeding upon winter- 
dormant green alder lAlnus crispa), 
snowshoe hares (Lepus americanus) eat 
intemodes and reject foliar buds and 
staminate catkins (Fig. I). Foliar buds 
and catkins contain high concentrations 
of nutrients and nonstructural carbohy
drates and low concentrations of fiber

. intemodes (Table
I). Thus factors other than these constit
uents must influence snowshoe hare 
preferences for green alder parts. We

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



found that pinosylvin methyl ether 
(PME) (1). a low molecular weight phe
nolic substance, present in the buds and 
catkins, is highly repellent to snowshoe 
hares and can partially account for dif
ferential feeding by snowshoe hares 
upon green alder parts during winter.

Small-diameter (< 4 mm I twigs from 
the height range available to snowshoe 
hares were collected during midwinter 
(January) from mature and juvenile 
green alder growing near Fairbanks.

B
Fig. 1. (A) Site at which free-ranging snow- 
shoe hares have fed on mature green alder, 
showing rejected foliar buds. (B) Close-up of

1024

Alaska. Collections were divided into 
"subsamples" for chemical analysis and 
a preference bioassay on each was made 
with snowshoe hares (2). Material to be 
bioassayed and analyzed chemically was 
stored in tightly sealed plastic bags at 
-40°C until used.

Bioassay with both free-ranging and 
captive hares confirmed that, during 
winter, snowshoe hares reject green al
der foliar buds and staminate calkins (J) 
and that juvenile green alder is less palat
able to snowshoe hares than mature 
green alder (4) (Table 21. Removal of 
foliar buds and staminate catkins from 
mature and juvenile green alder twigs 
prior to bioassay did not alter snowshoe 
hare preferences for mature twigs as 
compared to juvenile growth form twigs 
(Table 2). Thus snowshoe hare prefer
ences for growth stage of intemode (ju
venile compared to mature) may be con
trolled by factors other than those con
trolling preferences for plant parts within 
a growth stage (intemodes compared to 
buds and catkins).

Preliminary chemical analysis of foliar 
buds, staminate catkins, and intemodes 
suggested that snowshoe hare prefer
ences for green alder pans are negatively 
con-elated with the resin concentration 

A of these parts (Table I). Fractionation of
the diethyl ether extract by column chro
matography on silica gel (step gradients 
of mixtures of petroleum ether, diethyl 
ether, and methanol) yielded fractions 
that elicited varying avoidance reponses 
in bioassays with free-ranging hares. 
Further chromatography (silica gel: pe
troleum ether and ethyl acetate) of the 
most repellent fraction provided PME as 
a major component.

Purified (recrystallized and sublimed) 
PME had physical and spectral proper
ties consistent with those reported for 
pinosylvin methyl ether (5). The repel- 
lency of PME. a previously recognized 
toxic secondary metabolite (6) present in 
the bud and staminate catkin resins of 
Alnus ptndula (7), was demonstrated by 
offering oatmeal, a preferred commercial

food of snowshoe hares, impregnated 
with PME to captive snowshoe hares for 
a 24-hour period (2). This bioassay dem
onstrated the deterrent properties of 
PME (Table 3).

Measured (Si concentrations of PME 
in winter-dormant foliar buds and stami- 
nate catkins (Table I) were comparable 
to those causing strong avoidance when 
applied to oatmeal, but concentrations of 
PME found in both juvenile and mature 
intemodes (Table I) elicited no response 
in the bioassay. Thus, while PME can 
account for the low palatability of buds 
and catkins, it does not appear to be a 
factor in the preference shown by snow- 
shoe hares for mature as compared to 
juvenile green alder intemodes.

To determine if deterrency in this bio
assay is a property of all secondary 
metabolites. 8-sitosterol (a ubiquitous 
nontoxic phytochemical) was also of-

Table 2. Effect of bud and staminate catkin 
removal on snowshoe hare use of alder. Val-

dry matter eaten per hare in a 24-hour period 
t.V * 25). Values with the same superscript 
do not differ at P £ 0.05: values with different 
superscnpts differ at P s  0.001 If test).

Growth intact twig buds and cat-

Mature 8.65 = 1.12* 10.76 = 1.58*
Juvenile 2.04 = 0.38'* 1.89 = 0.44“

Table 3. Effects of pinosylvin methyl ether 
(PME) and 8-sitosterol on hare feeding behav
ior. Values are means = standard errors 
(A/ » 10 barest.
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Mature growth-phase internodes of Alaska paper birch (Betula 

resinifera) are preferred by the snowshoe hare (Lepus americanus) over 

juvenile growth-phase internodes due to the low food value of the 

latter. While the mature over juvenile preference cannot be explained 

by the levels of inorganic nutrients or gross chemical fractions (resins 

or phenols), it can be explained by the striking differences in 

secondary metabolites of the two growth phases. The principle compound 

which renders the juvenile phase internodes unpalatable is papyriferic 

acid, a triterpene which is a demonstrated feeding deterrent to snowshoe 

hares and which is present in juvenile intemodes at concentrations 25 

times greater than those in mature intemodes.
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Browsing by mammals is a selective pressure that has strong adverse 

effects on juvenile trees. An evolutionary response of trees to 

browsing has been production of enhanced morphological and chemical 

defenses during juvenility (Schaffalitzky de Muckadell, 1962; Dimock, 

1974; Klein, 1977; Bryant and Kuropat, 1980; Janzen and Martin, 1982; 

Bryant et al., 1983a). In boreal forests juvenile birches (Betula) are 

more resistant to hare (Lepus) , moose (Alces) , and ptarmigan (Lagopus) 

winter browsing than are mature birches (Ryala, 1966; Klein, 1977; 

Bryant, 1981a,b; Bryant et a l., 1983a; Danell et al., submitted; 

Tahvanainen, unpub.). In this paper we consider the chemical basis for 

juvenile resistance to winter browsing in Alaska paper birch (B. 

resinifera = 15. papyrifera ssp. humilis) (Dugle, 1966).

Preliminary studies of 15. resinifera demonstrated that current year 

twigs of juvenile growth stage of 15. resinifera are more resinous than 

current year mature stage twigs and that juvenile stage resins of j5. 

resinifera deter hare feeding (Bryant, 1981b; Bryant et al., 1983a).

The primary purpose of this study was to determine what components of 

this resin are deterrent to snowshoe hares and to quantify the 

concentrations of active compounds in 35. resinifera growth stages. 

Secondarily we studied the use of 35. resinifera parts within growth 

stages by hares, related this use to proximal nutrient and secondary 

metabolite concentrations of 35. resinifera parts and determined the food 

value of 35. resinifera growth stages to snowshoe hares during winter.

We also provide preliminary information on moose use of 35. resinifera 

growth stages during winter.

INTRODUCTION
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We conclude by relating our results and those of other recent 

studies of snowshoe and mountain hare use of winter-dormant birch to two 

hypotheses which attempt to explain use of winter-dormant boreal woody 

plants as food by hares. One hypothesis states that hares select food 

to optimize intake of nutrients such as protein (Sinclair et al., 1982; 

Sinclair and Smith, 1984). The second hypothesis states that hares 

avoid eating certain plant parts because they contain high levels of 

repellent, digestion-inhibiting, and toxic secondary plant metabolites 

such as resins and phenols (Barikmo, 1976; Bryant and Kuropat, 1980; 

Bryant, 1981ab; Pehrson, 1981, 1983; Bryant et al., 1983; Palo et al., 

1983 ab; Palo, 1984).

Paper birch is particularly well suited for this study for three 

reasons. 1) Captive snowshoe hares can be maintained on a diet of

mature growth stage Alaska paper birch twigs for periods of several 

weeks in winter without weight loss provided that this single species 

diet is introduced gradually (Bryant and Kuropat 1980; Bryant, 1981a). 

Thus this tree provides an opportunity to compare the food value to 

snowshoe hares of the mature and juvenile growth forms without resorting 

to supplemented diets which may lead to associative (Van Soest, 1982) or 

buffering (Sinclair and Smith, 1984) effects. 2) Our results may be 

applicable to snowshoe hares throughout their range since Bookhout 

(1965) has demonstrated that snowshoe hares in Michigan can be 

maintained for several weeks in winter upon winter-dormant twigs of 

another variety of paper birch, 13. papyrifera Marsh (Fernald, 1950). 3)

The enhanced production of resinous secondary metabolites by juvenile 

growth-phase Alaska paper birch provides the opportunity to test the 

above hypotheses without resorting to a second plant species.
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MATERIALS AND METHODS 

Sample Collection and Storage

Three collections of 13. resinifera winter-dormant, small diameter 

(0-4mm) twigs were made. All collections were made near Fairbanks, 

Alaska during midwinter (January-March). One collection was for use in 

feeding trials with snowshoe hares. For this collection small diameter 

(0-4mm) twigs were collected from over 100 mature and juvenile birches. 

Twigs 0-4mm diameter were collected because this diameter class is 

usually considered to be preferred by snowshoe hares (Pease et al.,

1979; Wolff, 1980). The second collection was for detailed 

quantification of secondary metabolites in birch growth stages and 

parts. To minimize interindividual chemical variation, current year 

growth was collected from the crowns of 4 randomly selected mature birch 

trees and from juvenile-form shoots growing from their root crowns. The 

third collection was used to correlate birch juvenile chemistry with 

moose use of winter-dormant birch saplings. This sample consisted of 

twigs from 25 sapling birches browsed by moose just prior to twig 

collection and the four nearest, unbrowsed saplings to the browsed 

sapling. All unbrowsed saplings were within 2m of the browsed sapling 

and had crowns readily available to moose, i.e. were about 2m tall.

Twigs sampled from browsed and unbrowsed plants were current year's 

growth and less than 4mm diameter.

Following collection, twigs were either used immediately in feeding 

trials or stored at -40 C in sealed plastic bags. Twigs to be analyzed 

for N, P, Ca, Mg, Na, K, total nonstructural carbohydrates (TNC), fiber 

(hemicellulose, cellulose and lignin), Folin-Dennis reactives (FD), 

proanthocyanidin tannins (PA), vanillin reactives (V), and astringent
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tannins (AT) were freeze-dried for 48 hours and ground in a Wiley mill 

(20 mesh screen) prior to analysis. Fresh twigs were used in assays of 

diethyl ether extractable substances (resins). Resin concentrations as 

dry weight values were calculated by multiplying fresh weight values by 

a dry weight/fresh weight ratio. Ratios were determined by freeze 

drying rather than oven drying fresh twigs to minimize loss of volatile 

substances (dry weight:wet weight ratios used are: buds, 0.58; catkins,

0.53; internodes, 0.55).

Isolation and Analysis of Papyriferic Acid

The resinous material referred to in this paper is defined to be 

that portion of plant that is extracted into diethyl ether (lOmL 

solvent/gram fresh plant part) by soaking for 24hr. The resin 

concentrations were determined gravimetrically after drying the extract 

over MgSO^ and subsequently removing the ether.

Papyriferic acid concentrations were determined by integration of 

the 60 MHz nuclear magnetic resonance (NMR) spectra of resin samples to 

which accurately weighed samples of p-dichlorobenzene had been added.

Two signals (4.72-4.83 and 3.48 ppm relative to tetramethylsilane in 

chloroform-d^) corresponding to papyriferic acid (see Reichardt, 1981) 

were sufficiently isolated from other peaks in the resin spectrum for 

accurate integration. From these, two values of papyriferic acid 

concentrations were calculated for each sample. The lower value was 

assumed to be the most indicative of the actual concentration and hence 

was recorded.

As a check to the NMR determination of papyriferic acid 

concentrations, two representative NMR samples were crosschecked by high
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pressure liquid chromatography. Resins were dissolved in methanol-water 

(75:25; V/V) injected onto a preparative HPLC column (RP-8, 40-63ym) and 

eluted with methanol-water (75:25; V/V) at a rate of 4mL/min.

Papyriferic acid concentrations were determined by comparing the 

corresponding peak areas (RI detector) with that of a calibration curve 

constructed from injection of samples of purified papyriferic acid.

Isolation and Analysis of Steam Distillate

A weighed sample of fresh plant part was steam distilled in 

conventional fashion until the total amount of aqueous distillate 

collected was 20 times the mass of the plant part. The distillate was 

extracted with three portions of dichloromethane (the total volume of 

dichloromethane equaling the volume of aqueous phase) and the organic 

extracts combined. After drying (MgSO^) and filtration the organic 

phase was concentrated under reduced pressure, the final traces of 

solvent were removed under vacuum (ca 0.1mm Hg), and the amount of steam 

distillate determined gravimetrically.

A portion of steam distillate, dissolved in dichloromethane, was 

analyzed by gas chromatography/mass spectrometry with a Hewlett Packard 

5930 mass spectrometer interfaced to a 5700A gas chromatograph and a 

5933A data station. Analysis was carried out on a 25 meter x 0.21mm 

polydimethylsiloxane capillary column programmed from 50° (2 minutes) to 

280° at a rate of 4°/minute with helium carrier gas (20 psi). Detection 

was accomplished by monitoring total ion current.

Other Chemical Analysis

Samples of 250mg dry mass were used in assays of phenolics. 

Following the suggestion of Martin and Martin (1982), several measures
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of phenolics were chosen: 1) Folin-Dennis reactives (FD) as a measure

of total phenols, 2) proanthocyanidins (PA) and vanillin reactives (V) 

as measures of condensed tannins, and 3) hemoglobin-precipitating 

capacity of the methanol extract (AT) as a measure of 

protein-precipitating capacity. The extraction procedure followed 

Martin and Martin (1982): two sequential 10 minute extractions in 20mL

of aqueous methanol (50% V/V) at 95*C. The supernatant was saved and 

diluted to 50mL prior to analysis. FD and PA were analyzed as described 

by Martin and Martin (1982), V was analyzed as described by Burns (1971) 

and modified by Price et al. (1978), and AT was analyzed by the 

hemoglobin precipitation method of Schultz et al. (1980) using freshly 

collected sheep blood as the source of hemoglobin. FD and AT 

concentrations are expressed as tannic acid equivalents (Fisher Lot 

7614929), V is expressed as catechin equivalents (Sigma 31F-0475) and PA 

is expressed as quebracho tannin (Pilar River Platte Corp.) equivalents. 

A  Gilford 240 spectrophotometer was used in assays of FD, PA, V and AT.

Nitrogen and phosphorus concentrations of 100 mg dry mass samples 

were analyzed on a Technicon autoanalyzer by a sulfuric/selenious acid 

digest and a colorometric analysis with a ferricyanide blue reaction for 

nitrogen and a molybdate blue reaction for phosphorus. Calcium, Mg, Na, 

and K were analyzed on the same digest by atomic absorption 

spectrophotometry (Perkin Elmer 5000 Atomic Absorption 

Spectrophotometer) by the Forest Soils Laboratory of the University of 

Alaska at Fairbanks. TNC were analyzed by the modified Weinman method 

at the University of Alaska Palmer Agricultural Experiment Station as 

described by Shaver and Chapin (1980). Structural carbohydrates and
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lignin were analyzed at the Palmer Station by the sequential detergent 

method of Mould and Robbins (1981)•

Field Observation of Snowshoe Hare and Moose Use of B. Resinifera 

Free ranging snowshoe hares and moose were tracked during the 

winters of 1970-71 through 1981-82 and use of woody plants within lm of 

snowshoe hare and moose trails was recorded by plant species, growth 

stage and part. Over 500km of moose and hare trails were followed. All 

plant parts rejected by hares were recorded as well as parts used by 

hares. When possible moose and hares were observed feeding; and use, 

rejection, and avoidance of plants were recorded.

Design of Feeding Trials with Snowshoe Hares

Feeding trials involved both captive and free-ranging snowshoe 

hares. Captive hares were maintained in 1 x 1 x 2 meter cages equipped 

with funnels for separation and collection of urine and feces. The 

cages were located in the University of Alaska boreal forest arboretum 

in a building open to the south. Thus they were maintained at ambient 

winter temperatures (-45°C to -2°C during experiments) and under natural 

lighting. Feeding trials involving free-ranging hares were conducted at 

feeding stations in black spruce (Picea mariana) forests and thinleaf 

alder (Alnus incana) thickets (Viereck and Little, 1972) in the 

University of Alaska boreal forest arboretum. All feeding trials 

employed a randomized block experimental design in which _B. resinifera 

growth stages and parts within growth stages (buds, catkins, woody 

internodes) were main effects and individual hares or feeding stages 

were blocks. Differences among means of planned comparisons were tested
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for statistical significance by a priori procedures (Sokal and Rolf, 

1969).

Free Choice Feeding Trials With Fresh Browse

Free-ranging hares were baited to 10 feeding stations (five in the 

black spruce forest and five in the alder thicket) with a mixture of 

mature and juvenile j3. resinifera twigs. One day prior to each feeding 

experiment all browse bait was removed from the feeding stations and 

replaced with a random array of 400g of mature-form and 400g of 

juvenile-form browse in lOOg bundles of twigs less than 4mm in diameter. 

Each feeding experiment was conducted for 24hr. At the end of each 

experiment all uneaten browse was collected from each cage or feeding 

station, sorted by growth stage or part, and weighed. Captive hares 

used to feeding upon B̂ . resinifera winter-dormant twigs were offered 

lOOOg of fresh mature-form and lOOOg of fresh juvenile form J3. 

resinifera winter-dormant twigs (diameter 0-4mm) for 24 hr. This ration 

exceeded the daily browse requirement of snowshoe hares in winter 

(300-350g wet wt.) (Bookhout, 1965; Pease et al., 1979; Bryant and 

Kuropat, unpub.). Preference for 13. resinifera growth stages and parts 

within growth stages was measured as biomass disappearance (free-ranging 

hares) or grams dry mass eaten/kilogram body mass/day (captive hares). 

The mass of fresh browse used or rejected was converted to grams of dry 

mass by multiplying the fresh weight by a dry/wet wt. ratio. The dry 

mass of plant parts eaten was estimated by determining the average dry 

mass of buds, catkins and woody internode per lOOg of twigs and 

subtracting the dry mass of rejected plant parts from this mass. 

Internodes made up 79.44g dry mass, buds 6.41g dry mass and catkins
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14.15g dry mass of each lOOg dry mass mature birch twigs used in feeding 

trials. Intemodes made up 93.39g and buds 7.61g of each lOOg dry mass 

of juvenile twigs offered in feeding trials. Dry wt./fresh wt. ratios 

were used to compute the browse dry mass eaten.

Food Value of Mature and Juvenile-Form B. resinifera Browse

Wild hares captured in early to mid-October were offered a mixed 

browse diet for 6 weeks (300g mature-form B. resinifera, lOOg mature 

Alaska feltleaf willow (Salix alaxensis) , 50g mature-form bebb willow 

(S. bebbiana) , 50g mature-form quaking aspen (Populus tremuloides) , lOg 

mature-form green alder (Alnus crispa), and 5g mature-form white spruce 

(Picea glauca)offered aaily. Over a 5 week period beginning in late 

November all browse other than mature-form 13. resinifera 0-4mm 

internodes was gradually removed from the diet and the hares' daily 

mature birch ration was adjusted to the maximum amount eaten by hares in 

the previous six week period, approximately 125g dry mass/kg body 

mass/day (375g fresh mature birch internode/hare/day) and juvenile birch 

was offerred ad libitum. Five days prior to the beginning of the 

experiment (days 1-5, Fig. 4) the mature birch ration of each hare was 

reduced to 120g dry mass/kg body mass/day (355g fresh mature birch 

internode/

hare/day) to insure all browse offered each day was eaten that day. 

Because this ration exceeded the estimated winter browse requirement of 

snowshoe hares (approximately 300g fresh browse/hare/day) (Bookhout, 

1965; Pease et al., 1979) and it had proved to be of sufficient food 

value to sustain hares without weight loss for periods of over a month 

in previous winters (Bryant and Kuropat 1980; Bryant, 1981a, unpubl.),
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it was adopted as the total daily birch ration used from the end of day 

5 to the termination of the experiment at the end of day 23. Thus each 

hare was offered the same constant mass of browse per kilogram body mass 

from the end of day 5 until the termination of the experiment. The 

ration for days 6 through day 10 inclusive was 90g/kg body mass/day 

mature stage birch internodes and 30g/kg body mass/24day juvenile stage 

birch internodes. Thereafter, at the beginning of every five day 

feeding period 25% of the original 120g dry mass/kg hare/day mature 

birch ration (30g dry mass/kg body mass/day) was removed and replaced 

with an equivalent mass of juvenile stage birch internodes until at the 

end of day 20 hares were offered juvenile stage internodes only. Three 

days after the hares were restricted to a diet of pure juvenile stage 

browse the experiment was discontinued because three hares had died and 

all living hares had stopped eating, become lethargic, and were at 

weights at which hares in these and previous experiments had died. Dry 

wt./fresh wt. ratios were used to compute the browse dry mass eaten or 

rejected. All browse was chopped into 3cm segments and offered in trays 

with screen bottoms.

Fifteen hares were used in the experiment, and five additional 

hares maintained upon the mature-form birch internode diet (120g dry 

mass/kg body mass/day) throughout the experimental period served as 

controls. The experimental animals were captured in live traps and 

weighed to the nearest gram on a Ohaus triple beam balance 1 hour before 

sunset on the third and fifth (final) day of each feeding period. A 

late afternoon weighing minimized the effect of "gut fill" on hare body 

weights. The weights of control animals were recorded at the middle and

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



BIRCH PAPER/2JPB82 13

at the end of the experiment. At the time of weighing the maximum and 

minimum temperature of the preceeding 24hr period was recorded.

Nutrient Balance Experiments With Fresh 0-1.5mm Twigs

Ten hares were maintained for two weeks prior to this experiment 

upon a diet of 0-4mm mature-stage internodes offered ad libitum. The 

ration of mature birch 0-1.5mm internodes used during the experiment was 

approximately 85g dry mass/kg body mass/day (250g fresh 

browse/hare/day). This ration was the maximum amount of 0-1.5mm 

mature-form birch internodes that the hares would eat when they were 

offered ad libitum. The mixed diet of mature-juvenile birch internode 

contained approximately 30g dry mass/kg body mass/day (88g fresh 

browse/hare/day) mature birch 0-1.5mm internodes and lOg dry mass/kg 

body mass/day (29g fresh browse/hare/day) juvenile birch 0-1.5mm 

internodes. This ration was arrived at by reducing the biomass of 

mature birch internodes until the hares would eat no more juvenile birch 

internodes.

Five hares were maintained upon the mature birch diet and five upon 

the mixed mature-juvenile diet for six days. Hare weights were recorded 

every two days. During the last four days of the experiment all urine 

and feces were collected and measured. Subsamples of urine were 

acidified with sulfuric acid to prevent loss of nitrogen as ammonia, and 

subsamples of feces that had had no contact with urine were freeze 

dried. Both urine and feces were stored at -40 C until analyzed 

chemically. Following the experiment all hares were placed upon a 

maintenance diet of 0-4mm mature J3. resinfera internodes until they had 

regained their pre-experiment weight. After the hares had regained
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weight the experiment was repeated. Hares that had been offered the 

pure mature-form diet in the first experiment were offered the mixed 

mature-juvenile diet in the second experiment, and hares that had 

previously been offered the mixed diet were offered the mature diet. 

Nutrient balances were calculated according to Kleiber (1961). In these 

calculations Apparent Digestibility is defined as (mass food component 

eaten-mass food component in feces) mass food component eaten.

Retention is defined as [mass food component eaten - (mass food 

component in feces + mass food component in urine)] * mass food 

component eaten. The results of these calculations are presented as 

percent of intake to enable calculation of loss of food components in 

urine or feces. For example, from the above definitions of apparent 

digestibility and retention the percentage of a food component lost in 

urine can be calculated simply as apparent digestibility minus 

retention.

Free Choice Feeding Trials Using Birch Extracts

Captive hares maintained upon chow (Quality Texture), oatmeal and 

mature and juvenile-form JB. resinifera browse were offered oatmeal 

treated with several concentrations of crude resin; papyriferic acid, 

the predominant diethyl ether soluble J3. resinifera secondary metabolite 

(Reichardt, 1981); a J3. resinifera steam distillate predominantly 

composed of sesquiterpene alcohols; and 6-sitosterol, a sterol reported 

in birch (Palo, 1984).

Test substances were applied to oatmeal in an open pan as solutions 

in diethyl ether either by spraying from an aspirator or by dripping 

from a disposable pipet. The oatmeal was stirred with a glass rod at
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several points during the application and the solvent evaporated by 

allowing the samples to stand in a fume hood for 48 hr. Diethyl ether 

treated and untreated oatmeal served as controls. Treated oatmeal and 

controls were offered in four or five gram quan

tities in a random array of muffin pans. During feeding trials hares 

had access to chow ad libitum. After each 24hr feeding trial, all 

remaining oatmeal was removed and weighed. Hare preferences for treated 

and control oatmeal are expressed as a preference index (PI) = % 

treatment eaten * % control eaten).

RESULTS

Field Observations of Snowshoe Hare and Moose Use of B. Resinifera

When crowns of mature 15. resinifera became available to snowshoe 

hares, for example when mature trees were windthrown during winter 

storms or felled for firewood, hares fed heavily upon them. Hare trails 

to mature crowns frequently passed through thickets of juvenile birch to 

crowns of felled mature trees. Little feeding on juvenile plants along 

these trails was observed in comparison to heavily utilized mature crown 

branches (% available 4mm twigs eaten: mature 99.58 ± 0.16, juvenile

1.18 ± 0.25 (x± Sx), n = 100 feeding sites, p < 0.001, one tailed 

t-test). When feeding upon mature branches hares ate woody internodes 

less than 5mm in diameter and bark of larger stems but rejected foliar 

buds and staminate catkins.

Moose fed preferentially upon sexually mature or near mature 

saplings (75% of available stems along moose trails browsed) as compared
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to younger asexual plants (5% of available stems along moose trails 

browsed). Preferred plants were approximately 2cm diameter at 2m height 

and 3-4m tall. Moose broke down stems of these large saplings as 

described by Geist (1963) and browsed the upper crown (96.28 ± 1.07% of 

twigs eaten, X±Sx) more heavily than the more available lower crown 

(6.84 ± 1.71% of twigs eaten, X±Sx, p < 0.001, paired t-test). Sexually 

immature juvenile phase plants l-2m tall near preferred, larger sexually 

mature plants were not used by moose. Current year internodes of 

preferred, sexually mature saplings were less resinous (5% dry mass 

resin) than current year internodes of untouched, sexually immature 

juvenile phase saplings (38% dry mass resin). Similarly, snowshoe hares 

fed heavily upon crown branch bark of large saplings broken down by 

moose but rarely fed upon lower branches of these saplings and twigs of 

sexually immature juvenile phase saplings growing near saplings broken 

down by moose.

Free Choice Feeding Trials with Fresh Browse

Both free ranging (F^  ̂ = 1373, P < 0.001) and captive hares 

(F^ = 4609, P < 0.001) fed preferentially upon small diameter (4mm)

twigs of mature birch as compared to the same diameter twigs of juvenile 

birch (Fig. 2). When feeding upon mature twigs hares would bite the 

twig off at its base (Fig. 3a), eat the twig from the base to the tip 

(Fig. 3b) and spit out buds and catkins while eating woody internodes 

(Fig. 3c). Thus essentially all mature twig woody internode biomass was 

eaten and essentially all bud and catkin biomass rejected (Fig. 2, P < 

0.001, paired t-test). Hares did, however, show a slight preference for
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catkin biomass over bud biomass (Fig. 2) and catkins have half the crude 

resin concentrations of buds (Table 1).

Food Value of Mature and Juvenile B. resinifera Browse

In the experiment depicted in Fig. 4 all hares ate their entire 

mature phase internode ration from day 6 onward. Even though the mature 

phase internode ration was decreased to zero all hares ate very little 

juvenile phase internodes and had stopped eating entirely by the end of 

the experiment.

The experimental animals maintained weight when fed small diameter 

(0-4mm) internodes of mature B_. resinifera, but all lost weight and 3 

hares died when fed increasing amounts of similar diameter juvenile 

plant internodes (Fig. 4). Weight losses were not correlated with 

temperature because temperatures gradually warmed from a low of -45°C 

early in the acclimation period to a high of -2°C near the end of the 

experiment. The weights of control animals fed 120g dry mass/kg body 

mass/day (355g fresh birch internode/hare/day) of mature birch 0-4mm 

internodes did not change significantly over the course of the 

experimental period (P>0.05, paired t-test).

Nutrient Balance Experiments With 0-1.5mm Current Year Twigs

Hares digested more dry matter, N, P, and Ca when fed the pure 

mature 15. resinifera 0-1.5mm internode diet than when fed the mixed 

mature-juvenile diet. Digestibility of Na and K was similar for both 

diets. Retention of dry matter N, P, Ca, Na, and K was higher for the 

pure mature than the mixed mature-juvenile diet (Table 2). The mixed 

diet resulted in negative balances for N, P, and Ca largely because of
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the extremely low digestibility of this diet; more N, P, and Ca are lost 

in feces than in urine as calculated from the apparent digestibility and 

retention data of Table 2. On the other hand the negative sodium 

balance caused by both diets and the negative potassium balance caused 

by the juvenile diet (Table 2) are attributable to losses via urine. 

Relatively large quantities of nitrogen were also lost via urine. Hares 

fed the mixed mature-juvenile diet ate less and experienced greater 

weight loss than hares fed the pure mature diet (Table 2).
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Chemical Analysis of B. Resinifera

As shown in Table 3 concentrations of nutrients, TNC, 

hemicellulose, cellulose, and P/Ca ratios in mature and juvenile growth 

stage internodes are virtually indistinguishable. The Na/K ratio and 

lignin concentration of internodes are higher in the juvenile stage, 

while phenolic and tannin levels are slightly lower.

Nutrient concentrations are similar for internodes, buds, and 

catkins within growth stages with the exceptions of Na which is present 

at higher levels in internodes and TNC, N and P which are higher in buds 

and catkins. The P/Ca ratio is higher in buds and catkins than 

internodes while the Na/K ratio is noticeably depressed. Fiber levels 

are higher in internodes while phenolic and tannin concentrations are 

slightly higher in buds and catkins (Table 3).

Juvenile 13. resinifera internodes are clearly more resinous than 

mature 13. resinifera internodes, and buds and catkins of mature 13. 

resinifera rejected by hares are clearly more resinous than mature 

internodes eaten by hares (Figs. 1,3; Table 1). Similarly, crown 

branches of JB. resinifera saplings fed upon by moose are less resinous 

than those avoided by moose (resin dry mass: fed upon 5%, avoided 38%).

The chemical compositions of these resinous extracts are strikingly 

different. Qualitative thin-layer chromatography revealed that 

internodes, buds, and catkins contained different ether-soluble 

metabolites and that similar plant parts contained different metabolites 

in the juvenile and mature stages (Fig. 5). Our characterization of the 

chemistry of these extracts has been guided by bioassay for deterrence 

of snowshoe hare feeding and has concentrated on two aspects.
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Papyriferic acid (Reichardt, 1981) is clearly the major component 

of the resin obtained from juvenile internodes of J3. resinifera, and its 

level is dramatically depressed in other plant parts and mature 

internodes (Table 4). The numerical values in Table 4 are generally in 

agreement with similar values obtained from analyses of papyriferic acid 

in several hundred 13. resinifera samples (Reichardt, unpubl. data).

A note of caution related to the numerical values of Table 4 is 

warranted. Although the analytical technique (integration of 'H-NMR 

signals with respect to an internal standard) has been developed to 

minimize error, many samples of crude ether extract of _B. resinifera 

contain interfering signals from other components of the mixture. Thus, 

particularly for plant parts with low concentrations of papyriferic 

acid, the values reported are in a strict sense only upper limits. 

However, our cross-check (HPLC) of papyriferic acid levels in two cases 

cited in Table 4 indicate that the values determined by NMR are fairly 

accurate.

The second aspect of 13. resinifera resin chemistry which we have 

investigated is the steam-distillable fraction. Two findings led us to 

investigate this fraction: 1) the strong odor of the ether extract from

juvenile birch buds suggests high concentrations of volatile (thus 

steam-distillable) components and 2) chromatographic fractions obtained 

earlier in the isolation of papyriferic acid (Reichardt, 1981) included 

several with odors similar to the bud extract, and these had proved to 

be moderately active in the hare bioassay. In juvenile 13. resinifera 

this fraction differs both qualitatively (Fig. 6) and quantitatively 

(Table 1) from the mature form. In contrast to levels of papyriferic 

acid the amount of steam distillable fraction is higher in the buds than
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in the internodes for both juvenile and mature growth stages. 

Characterization of the juvenile steam distillate is incomplete; none of 

the components have been isolated in pure form, but mass spectroscopy 

suggests that most of the components are sesquiterpenes. The steam 

distillate from the mature growth stage, on the other hand, contains 

only small amounts of the sesquiterpenes but is principally a mixture of 

n-alkanes (C-21, -23, -25, and -27; four large long retention time peaks 

in Fig. 6a).

Free Choice Feeding Trials Using Birch Extractives

Experiments designed to determine whether ether-soluble substances 

from birch are capable of deterring feeding by snowshoe hares were 

carried out by offering treated samples of oatmeal to captive hares. 

Samples were dissolved in diethyl ether and applied to oatmeal at 

concentrations near or below those found in plants, the solvent was 

allowed to evaporate, and treated samples together with appropriate 

controls were offered in a series of randomized pans. The first set of 

experiments demonstrated that the crude ether extract of juvenile paper 

birch deters feeding (Table 5). Further experiments with a subfraction 

(steam-distillate) and the purified major component (papyriferic acid) 

of the resin showed that this deterrence resides in specific compounds, 

and a similar experiment with 3-sitosterol shows that not all resinous 

compounds have this property (Table 5). Ideally one would like to offer 

similar amounts of treated and untreated samples in these experiments; 

however the amount of oatmeal normally eaten by a hare during a 24hr 

feeding experiment (ca. 20g-40g) and the limited amounts of papyriferic 

acid and steam distillate available precluded this possibility in most
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cases. The entries in Table 5 for papyriferic acid indicate that the 

amounts of treated and untreated oatmeal offered have essentially no 

effect on hare preference.
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DISCUSSION

Juvenile resistance by woody plants against winter browsing by 

vertebrate herbivores has now been experimentally demonstrated by 

numerous studies (e.g. Ryala, 1966; Moss et al. 1972; Dimock, 1974;

Libby and Hood, 1976; Klein, 1977; Savory, 1978; Bryant, 1981a,b; 

Pehrson, 1981, 1983; Bryant et al. 1983a,b; Sinclair and Smith, 1984; 

Danell et al., submitted; Tahvanainen, submitted). The chemical 

identity of compounds causing juvenile resistance has not, however, been 

determined for any woody plant. The data provided in Tables 1 and 4 

show that juvenile internodes contain a 5-fold elevation in steam 

distillables as well as 25-fold increase in papyriferic acid 

concentration relative to mature internodes. Both papyriferic acid and 

the steam distillate actively deter hare feeding (Table 5); and their 

levels in juvenile internodes clearly provide a chemical defense, while 

their levels in mature internodes would provide weak defenses at best. 

Thus it is clear that the hares' preference for mature over juvenile 

internodes in B. resinifera is strongly influenced by secondary metabo

lites and that rejection of juvenile internodes can be explained on the 

basis of papyriferic acid alone.

The data of Table 3 cannot be employed to explain the hares' choice 

of mature over juvenile internodes. The concentrations of N, P, Ca, Mg, 

Na, K, soluble phenolics (except proanthocyanidins), hemicellulose, 

cellulose, and TNC as well as the P/Ca and Na/K ratios are similar in 

internodes of both growth stages. The slightly higher value for lignin 

in juvenile internodes seems insufficient to explain hare preferences.
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The explanation of the hares' rejection of buds and catkins is 

quite different. From Table 3 it is clear that levels of N, P, K, Mg, 

and TNC are higher in buds and catkins than internodes. Concentrations 

of hemicellulose, cellulose, and lignin also would imply preferential 

use of buds and catkins in that internodes are more fibrous than buds 

and catkins. The P/Ca ratios do not appear to explain rejection of buds 

and catkins. Buds and catkins do, however, have slightly elevated FD 

and tannin fractions, decreased Ca concentrations, and less favorable 

Na/K ratios than internodes. These later factors may partially account 

for hare preferences, but the argument is not a compelling one.

Palatabilities of buds and catkins seem also to be affected by 

secondary metabolite composition. Juvenile buds contain small amounts 

of papyriferic acid (which may have been produced principally in 

adjacent internodes and exuded onto the exterior base of the buds) as 

well as deterrent concentrations of steam distillable metabolites 

(Tables 1, 4, and 5). Catkins contain deterrent levels of 

papyriferic acid (Tables 4 and 5) in addition to levels of steam 

distillables which are elevated relative to mature internodes (Table 1) 

but which would not, on their own, seem to provide significant 

deterrence. Mature buds contain both papyriferic acid and steam 

distillables at concentrations above those found in adjacent internodes 

(Tables 1 and 4) but at levels below those needed for significant 

deterrence in the bioassay (Table 5).

These findings argue that the basis for the hare's rejection of 

buds and catkins of 15. resinifera is quite different from that for 

juvenile internodes. While the unpalatability of the latter can be 

adequately accounted for solely by the unusually high levels of
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papyriferic acid, rejection of buds and catkins is caused by the 

combination of factors discussed above or by some factor not yet 

identified.

We have, at this point, only limited data relevant to the 

effectiveness of these defenses of 13. resinifera against vertebrate 

herbivores in general. A pooled sample of 25 13. resinifera saplings 

which had been browsed by moose had a papyriferic acid content of 2.6% 

(dry weight basis), while a similar pooled sample of 100 nearby saplings 

not used by moose had a papyriferic acid

content of 28%. This finding does not prove that papyriferic acid 

defends 33. resinifera against herbivory by moose (especially since there 

are no related bioassay data), but the correlation is a striking one. 

Furthermore Henttonen (unpub) has demonstrated that papyriferic acid 

deters two species of microtines (Microtus pennsylvanicus and 

Clethrionomys rutilus) from feeding upon papyriferic acid treated 

oatmeal (0.5% dry mass papyriferic acid) as compared to ether treated 

control oatmeal.

In a strictly correlative sense (Tables 1 and 5) one could assign 

a defensive role to the total ether-extractable ("resin") fraction of 

B. resinifera. Such an assignment is, however, erroneous. Bioassays of 

fractions obtained from column chromatography of 13. resinifera resin 

(Reichardt, 1981) demonstrate that most components of the resin have 

little if any deterrent ability. Even compounds with rather similar 

structures can have dramatically different effects in the bioassay.

Table 5, for example, shows that the triterpene papyriferic acid is 

deterrent while the common phytosterol, 8-sitosterol (reportedly a 

metabolite of birch; Palo, 1984), is inactive. We find this result
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extremely interesting because it demonstrates that deterrence of 

browsing of juvenile j3. resinifera is caused by avoidance of 

specific compounds rather than crude fractions such as resins or total 

tannins. Similarly, Bryant et al. (1983b) have demonstrated that use of 

green alder parts by hares is controlled by avoidance of a specific 

secondary metabolite, pinosylvin methyl ether. If these deterrent 

compounds are toxic, then Pehrson's (1981, 1983) hypothesis that the 

feeding behavior of hares is regulated by avoidance of over ingestion of 

specific toxic secondary metabolites as well as Freeland and Janzen1s 

(1974) hypothesis concerning the feeding behavior of vertebrate 

herbivores in general will gain support.

When we fed snowshoe hares juvenile 13. resinifera they refused 

to eat sufficient amounts to meet their nutritional requirements by 

increased food intake. This response by hares suggests that there is an 

upper limit to the amount of juvenile Alaska paper birch that snowshoe 

hares can eat and that this limit may be set by a toxic threshold. We 

have no direct evidence for toxicity of J3. resinifera metabolites in 

either hares or moose. However, during the course of screening 

papyriferic acid as a potential cytotoxin (Leukemia Screen 3PS31) the 

Rational Cancer Institute has found it to be toxic to laboratory mice 

when administered intraperitoneally at 50mg/kg (J.F. Waters, personal 

communication). In separate experiments both papyriferic acid and the 

steam distillate from juvenile phase 13. resinifera inhibited cellulose 

digestion in in vitro experiments with rumen fluid obtained from elk 

(Cervus elaphus) acclimated to juvenile 13. resinifera browse 

(Risenhoover, per. commun.) These results and our nutrient balance
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experiment support Pehrson's proposal (1981, 1983) that toxic 

substances, e.g. inhibitors of the hare's sodium-potassium pump, are 

important in determining the nutritive quality of 0-1.5mm winter-dormant 

birch internodes to hares. This inhibition of sodium retention does 

not, however, appear to explain the low quality of juvenile as compared 

to mature phase birch as both juvenile and mature phase diets cause loss 

of sodium via urine (Table 2). Rather, mature vs. juvenile differences 

appear to be related to the very low digestibility of juvenile phase 

birch dry matter and nutrients such as nitrogen.

With regards to herbivory by moose, our results are in agreement 

with those of Schwartz et al. (1981) and reveal the inadequacy of 

juvenile B. resinifera as a primary source of nourishment. Oldemeyer 

(pers. comm.) has also found that juvenile 13. resinifera is less 

digestible in moose rumen fluid (in vitro) than mature 13. 

resinifera, implying that juvenile ]3. resinifera contains 

digestion-inhibiting substances.

It would appear, then, that the chemical defenses of 13. resinifera 

may act both within the digestive tract and at a cellular level.

However, irrespective of the physiological basis for defense in J3. 

resinifera, the impact of eating juvenile 13. resinifera upon snowshoe 

hares and moose is clear. A diet of juvenile material is unpalatable, 

contains deterrent secondary metabolites, and is of low quality as 

winter-food. We suggest that these results argue strongly for the 

presence of chemical defense against browsing in 13. resinifera juvenile 

plants.

Two other aspects of chemical defense in B. resinifera are of
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interest. The modest deterrent potency of papyriferic acid requires 

relatively high levels of it for protection, but its concentrations in 

juvenile birch greatly exceed levels needed for protection against 

hares. In fact the concentrations of papyriferic acid found in some 

cases approach 30% of dry weight, a level which we believe to be 

unprecedented for a secondary plant metabolite. This argues for an 

additional role for papyriferic acid in juvenile B_. resinifera - 

perhaps an antidesiccant, a formulating agent to depress loss of 

volatile substances, or a defensive agent against herbivores or 

pathogens able to tolerate higher levels. Not only are high levels of 

papyriferic acid found, they are deposited on the exterior of the 

juvenile twigs as a resinous solid (Fig. 1) which has been scraped from 

the twig and demonstrated to consist largely of papyriferic acid 

(Reichardt, 1981). The trait of deposition of exterior resinous 

material is used in taxonomic identification of IJ. resinifera (Dugle, 

1966) and has precedence in other plants (e.g. McKey, 1979). External 

tissues are usually the first to be contacted by an herbivore or 

pathogen and thus defenses of these tissues constitute the plant's first 

line of defense against herbivores and pathogens(McKey, 1979). In the 

case of hares that appear to use olefaction when selecting browse 

(Sinclair and Smith, 1984; Bryant, unpub. obs.) a particularly effective 

form of deterrence by woody plants against hare browsing and barking 

would be to coat bark with volatile substances such as the steam 

distillate that we found to be highly deterrent to hare feeding. Thus 

we suggest that papyriferic acid and volatile components work in concert 

as the principle chemical defense of juvenile J5. resinifera.

The allocation of deterrent substances to plant surfaces is but
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part of the more general problem of how plants allocate resources to an 

overall "plant defensive battle plan" (Janzen, 1973; McKey, 1974, 1979). 

In the case of B_. resinifera, allocation of plant resources to deterrent 

substances appears to be a two level defensive strategy: defense of

growth stages and defense of parts (buds and catkins) within growth 

stages. Juvenile 15. resinifera is not only more resinous than mature 13. 

resinifera, its resins are qualitatively distinct from those of the 

mature plant. Within growth stages the compositions of bud and catkin 

secondary metabolite fractions are qualitatively different from those of 

woody stems used by hares. In this fashion .B. resinifera maintains 

defense of buds and catkins after maturity but relaxes defense of 

internodes which have generally grown out of reach of major vertebrate 

herbivores. This allows reallocation of resources needed to produce 

papyriferic acid in the juvenile stage to other uses in the mature 

plant.

We conclude by relating our results to other recent studies on hare 

use of winter-dormant birch in boreal forests. Our inability to find a 

correlation between hares' choice of parts and growth stages of ]3. 

resinifera and nutrient content is consistent with the conclusion of 

Sinclair and Smith (1984) that hares do not generally choose food based 

upon protein levels, but it seems inconsistent with the suggestion that 

hares prefer small twigs (2-3mm) of B_. glandulosa because of high 

protein content (Sinclair et al., 1982; Sinclair and Smith, 1984). On 

the other hand the results presented here support the idea that parts of 

birch rejected by hares contain high concentrations of secondary 

metabolites which are repellent to hares and disrupt their physiology
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(Barikmo, 1976; Klein, 1977;Pehrson, 1981, 1983; Palo et al., 1983ab; 

Palo, 1984; Sulkinoja, 1983; Bryant and Kuropat, 1980; Bryant 1981a). 

Furthermore the fact that we have described part of this preferential 

feeding behavior (mature vs. juvenile growth stage) on a molecular basis 

(papyriferic acid) may explain at least part of the controversy over the 

role of secondary plant metabolites in plant/vertebrate herbivore 

interactions. While we agree with Sinclair and Smith (1984) that total 

resin content may not be a good predictor of plant palatability to 

hares, we do feel that specific resinous phytochemicals may play a 

general and important role in hares' choice of food. However, the 

generality of this idea can only be investigated by careful examination 

of the concentrations and biological activities of individual substances 

in parts and growth stages of a wide variety of plants.
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Table 1. Extractive Fractions of 13. resinifera. Means and Standard 

Errors Given.

Growth Stage Plant Part Fraction N % Dry Weight

Juvenile Internode Resin 3 32.7 ± 2.1

Steam Distillate 5 0.46 ± 0.02

Bud Resin 3 48.2 ± 0.9

Steam Distillate 3 1.1 ± 0.4

Mature Internode Resin 3 4.7 ± 0.3

Steam Distillate 4 0.09 ± 0.03

Bud Resin 3 41.6 ± 0.1

Steam Distillate 3 0.25 ± 0.05

Catkin Resin 5 20.8 ± 2.0

Steam Distillate 3 0.29 ± 0.07
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Table 2. Nutrient Balance and Weight Change of Hares Fed 0-1.5mm B-.

resinifera Winter-Dormant Twigs. Means and Standard Errors 

Given.

BIRCH PAPER/2JPB82 ;

Dry Matter Intake 

(g*kg 1 • day-1) 

Mature 

Juvenile 

Total

84.98 ± 4.93

84.98 ± 4.93

Mixed 

Mature-Juvenile

29.37 ± 1.27

10.75 ± 0.93

40.1? ± 1.62

Apparent Digestibility 

(Percent of Intake)

Matter 38.14 ± 1.79 18.15 ± 2.92 ****

N 39.65 ± 1.96 -2.30 ± 2.85

P 6.26 ± 5.61 -49.62 ± 11.62 **

Ca 43.45 ± 7.17 -0.27 ± 7.31 ****

K 72.21 ± 3.07 72.20 ± 2.63 0.163

Na 36.46 ± 7.47 36.69 ± 5.32 0.145
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Retention

(Percent of Intake)

Dry Matter 32.75 ± 1.89 9.21 ± 3.01 A A A*

N 7.39 * 1.93 -88.12 ± 3.66 •kick A
P -2.50 ± 6.08 -67.27 ± 10.26 A***

Ca 1.81 ± 5.89 -60.13 ± 7.85 **

K 5.71 ± 6.84 -58.32 ± 7.21 AAAA

Na -121.88 ± 20.39 -235.65 ± 36.97 **

Weight Change

(g*kg-1 • day-1) -12.40 ± 0.74 -19.46 ± 1.16 AAA*

P < .01 = **, P < .001 = ***, P < .0005 = ****, paired t-test 

' see Materials and Methods for definition
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Table 3. Nutrient Fiber and Phenol Concentrations of Vinter-Dormant Alaska Paper Birch 
Twigs. Means and Standard Error Presented, n=5 Replicate Determinations. Ail Means 
Except Na and K are Percent Dry Mass. Na and K Means are Mequivg Dry Mass.

1.22 + 0.03 1.91 t 0.01
Catkin 

1.85 i 0.04
Stem

1.30+0 01
0.156 + 0.049 0.216 + 0.C07 0.198 i 0.C06 0.154 + 0
0.319 + 0.016 0.293 + 0.022 0.285 i 0.013 0.304 + 0
0.040 + 0.0010 0.055 i 0.0025 0.060 = 0.0022 0.044 + 0
0.009 + 0.0001 0.003 + 0.0004 0.005 + 0.0001 0.011 i 0
0.079 i 0.003 0.105 ± 0.005 0.121 + 0.005 0.075 + 0

002 0.22S 1 0.005
008 0.257 + 0.017
0004 0.059 i 0.0021 
0001 0.004 i 0.0001 
001 0.130 i 0.002

Cellulose

0.462 i 0.025 
0.114 + 0.013 
8.6 * 0.3 
13.7 : 0.3 
33.9 : 1.2 
13.0 i 1.6 
3.37 ± 0.28 
11.74 c 0.24 
2.72 r 0.15 
6.27 c 0.16

0.773 i 0.062 0.713 t 0.045 0.514 c .011 0.877 : 0.041
0.029 - 0.003 0.041 r 0.001 0.147 :
12.6 i 0.2 
3.2 : 0.C
13.6 r 0.1 
7.1 i 0.1
7.41 i:0.1i 
12.05 ± C.52 
3.38 r 0.39
13.4̂ 1.39

3.6 r 0.2 
25.1 + 0.7 
7.9 ± 1.0 

8.06 i 0.42 
15.69 + O.bl 
4.05 r 0.34 
13.10 + 0.21

8.1 i 
13.9 r 0 
36.6 + 
18.2 c 
3.39 + 
6.84 i 
1.80 + 
5.66 c

1.97 + 0.01

007 0.031 t 0.002
4 16.1 + 0.3
4 2.8 i 0.2
£ 10.9 + 0.1

6.0 i 0.0 
5.03 + .11 
12.16 + 0.20 
3.16 i 0.27 
13.13 + 0.16
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Table 4. Papyriferic Acid Content of Plant Parts and Growth Stages from B.
resinifera clones. Values are % papyriferic acid as determined by NMK o 
a dry weight basis. •'
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9.2----------- -- 0.65
10.2a   0.62b

11.3 ± 1.6 c 0.45 ± 0.1

a Value as determined by HPLC = 9.1 ± 4.5 
Value as determined by HPLC = 0.0 ± 0.2
A separate experiment involving 4 pooled samples of juvenile ji. resinifera gave 
10.5 i 1.5% papyriferic acid in internodes and 0.79 i 0.23% in buds.
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Figure 1. Small diameter (0-2mm), winter-dormant current year twigs of 

mature (left) and juvenile (right) Betula resinifera.

Figure 2. Use of winter-dormant Betula resinifera twigs by snowshoe 

hares during free-choice feeding trials. Means and 99.9% 

confidence intervals presented, n=10 feeding stations or hares.

Figure 3. Snowshoe hare feeding upon winter-dormant mature Betula

resinifera. Note rejected foliar buds and staminate catkins at the 

hare's feet (c).

Figure 4. Weight maintenance of snowshoe hares fed increasing amounts 

of juvenile Betula resinifera small diameter (0-4mm) internodes. 

Means and 95% confidence intervals presented. Hare weights are 

expressed as percent of their weight on day 1 of the acclimation 

period. N = 15 hares.

Figure 5. Thin layer chromatogram of Betula resinifera plant parts

(silica gel; 1% acetic acid in ethyl acetate) with pure papyriferic 

acid as a reference.

Figure 6. Gas chromatograms of steam distillate from mature (a) and 

juvenile (b) Betula resinifera.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



BIRCH PAPER/2JPB82 38

REFERENCES

Barikmo J (1976) Harens utnyttjelse av bj^rk som vinterf^de.

Hovedoppqave ved Institute for Naturforvatning. NHL Dissertation.

Bookhout TA (1965) The snowshoe hare in Upper Michigan: its biology and

feeding coactions with white-tailed deer. Michigan Dept Conserv Res 

Develop Rep No 38.

Bryant JP (1981a) The regulation of snowshoe hare feeding behavior

during winter by plant antiherbivore chemistry. In: Myers K and 

Mclness CD (eds) Proc World Lagomorph Conf, 1979. Guelph Univ 

Press, Canada, p 720-731.

Bryant JP (1981b) Phytochemical deterrence of snowshoe hare browsing by 

adventitious shoots of four Alaskan trees. Science 213: 889-890.

Bryant JP, Kuropat PJ (1980) Selection of winter forage by subarctic 

browsing vertebrates: The role of plant chemistry. Ann Rev Ecol 

Syst 11: 261-285.

Bryant JP, Chapin III FS, Klein DR (1983a) Carbon/nutrient balance of 

boreal plants in relation to herbivory. Oikos 40: 357-368.

Bryant JP, Wieland GD, Reichardt PB, Lewis VE, McCarthy MC (1983b) 

Pinosylvin methyl ether deters snowshoe hare feeding on green 

alder. Science 222: 1023-1025.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



BIRCH PAPER/2JPB82 39

Burns RE (1971) Method for estimation of tannin in grain sorghum. Agron 

J 63: 511-512.

Danell K, Bergstrom R, Dirke K (1984b) Moose browsing on juvenile and 

adult birches (Betula pendula and Betula pubescens): Test of a 

hypothesis on chemical defense. Proc Int Union Game Biol: 

submitted.

Dimock EJ II (1974) Animal resistant Douglas-Fir: How likely and how 

soon? In: Black HC (ed) Wildlife and Forest Management in the 

Pacific Northwest. For. Res. Lab, School of Forestry-Oregon State 

Univ., Corvallis, p 95-101.

Dugle JR (1966) A taxonomic study of western Canadian species in the 

genus Betula. Can J Bot 44: 929-1007.

Fernald ML (1950) Gray's manual of botany. American Book Company, New 

York.

Freeland WJ, Janzen DH (1974) Strategies in herbivory by mammals: the 

role of plant secondary compounds. Am Nat 108: 269-289.

Geist V (1963) On the behavior of the North American moose (Alces alces 

Andersoni, Peterson 1950) in British Columbia. Behavior 20: 

377-416.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



BIRCH PAPER/2JPB82 40

Janzen DH (1973) Community structure of secondary compounds in plants. 

Pure Appl Chem 34: 529-538.

Janzen DH, Martin PS. (1982) Neotropical Anachronisms: the fruits the

Gomphotheres ate. Science 215: 19-27.

Kleiber M (1961) The fire of life: an introduction to animal

energetics. John Wiley & Sons, New York.

Klein DR (1977) Winter Food Preferences of Snowshoe Hares (Lepus 

americanus) in Interior Alaska. Proc Int Cong Game Biol 13: 

266-275.

Libby WJ, Hood JV (1976) Juvenility in hedged radiata pine. Acta 

Hortic 56: 91-98.

Martin JS, Martin MM (1982) Tannin assays in ecological studies. Lack 

of correlation between phenolics, proanthocyanidins and 

protein-precipitating constituents in mature foliage of six oak 

species. Oecologia (Berl) 54: 205-211.

McKey D (1974) Adaptive patterns in alkaloid physiology. Am Nat 108: 

305-320.

McKey D (1979) The distribution of secondary compounds within plants. 

In: Rosenthall GA, Jansen DH (eds) Herbivores: Their interaction 

with secondary plant metabolites. Academic Press, New York, p 

55-133.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



BIRCH PAPER/2JPB82 41

Moss R, Miller GR, Allen SE (1972) Selection of heather by captive red 

grouse in relation to the age of the plant. J Appl Ecol 9:

771-781.

Mould ED, Robbins CT (1981) Evaluation of detergent analysis in

estimating nutritional value of browse. J Wildl Manage 45: 937-947.

Palo RT, Knutsson PG, Kiessling KH (1983a) Seasonal variations in

ruminant in vitro digestibility of Betula pendula in relation to 

nutritional content and phenolic constituents. Abstract of the 

Third European Ecological Symposium on Animal-Plant Interactions. 

Aug. 22-26, 1983. Lund, Sweden.

Palo RT, Pehrson A, Knutsson PG (1983b) Can birch phenolics be of

importance in the defense against browsing vertebrates? Finn Game 

Res: in press.

Palo RT (1984) Distribution of birch (Beula spp.), willow (Salix spp.)

and poplar (Populus spp.) secondary metabolites and their potential 

role as chemical defense against herbivores. J Chem Ecol 10: 

499-520.

Pease JL, Vowles RH, Keith LB (1979) Interaction of snowshoe hares and 

woody vegetation. J Wildl Manage 43: 43-60.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



BIRCH PAPER/2JPB82 42

Pehrson A (1981) Winter food consumption and digestibility in caged

mountain hares. In: Meyers K, Mclness CD (eds) Proc World Lagomorph 

Conf, 1979. Guelph Univ Press, Canada, p 732-742.

Pehrson A (1983) Dry matter assimilation and nutrient retention in caged 

mountain hares. Holarctic Ecol 6:395-403.

Price ML, van Scoyoc S, Butler LG (1978) A critical evaluation of the

vanillin reaction as an assay for tannin in sorghum grain. J Agric 

Food Chem 26: 1214-1218.

Reichardt PB (1981) Papyriferic acid: a triterpenoid from Alaskan paper

birch. J Org Chem 46: 4576-4578.

Ryala P (1966) Riekon jakiirunan talvisesta kasviravinnon valinnasta ja 

puissa ruokalilusta. Suomen Riista 19: 79-93.

Savory CJ (1978) Food consumption of red grouse in relation to the age 

and productivity of heather. J Anim Ecol 47: 269-282.

Schaffalitzky de Muckadell M  (1962) Environmental factors in development 

stages of trees. In: Kozlowski TT (ed.) Tree Growth. Ronald Press, 

New York, p 289-298.

Schultz JC, Baldwin IT, Nothnagle PJ (1981) Hemoglobin as a binding

substrate in quantitative analysis of plant tannins. J Agric Food 

Chem 29: 823-826.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



BIRCH PAPER/2JPB82 43

Schwartz CC, Franzmann AW, Johnson DC (1981) Moose Research Center

Report. Alaska Dept of Fish and Game. Vol XII. Project progress 

report federal aid in wildlife restoration project. W-21-2, Job 

1.28R: p 16-17.

Shaver G, Chapin III FS (1980) Response to fertilization by various

plant growth forms in an Alaskan tundra: nutrient accumulation and 

growth. Ecology 61: 662-675.

Sinclair ARE, Krebs CJ, Smith JNM (1982) Diet quality and food

limitation in herbivores: the case of the snowshoe hare. Can J

Zool 60: 889-897.

Sinclair ARE, Smith JNM (1984) Do plant secondary compounds determine 

feeding preferences of snowshoe hares? Oecologia (Berl) 61: 

403-410.

Sokal RR, Rohlf FJ (1969) Biometry. WH Freeman and Co, San Francisco.

Sulkinoja M  (1983) Lapin koivu. Oulun Yliopisto Pohjois-Suomen 

Tutkimuslaitos C47: 40-46.

Tahvanainen J, Helle E, Julkunen-Tiitto R, Lavola A (1984) Northern 

willows (Salix sp.) defend their juvenile shoots against the 

browsing mammals? Science, submitted.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



BIRCH PAPER/2JPB82 44

Van Soest P (1982) Nutritional ecology of the ruminant. Durham and 

Downey, Inc., New York.

Viereck LA, Little EL (1972) Agriculture Handbook No 410. USDA Forest 

Service, Washington, DC

Wolff JO (1980) The role of habitat patchiness in the population 

dynamics of snowshoe hares. Ecol Monogr 50: 111-129.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



INTERACTIONS OF SNOWSHOE HARES AND 
FELTLEAF WILLOW (SALIX ALAXENSIS) IN ALASKA

In press: Ecology

John P. Bryant and Gregory D. Wieland 
Institute of Arctic Biology 
University of Alaska 
Fairbanks, Alaska 99701

Thomas Clausen 
Department of Chemistry 
University of Alaska 
Fairbanks, Alaska 99701

Peggy Kuropat
Alaska Cooperative Wildlife Research Unit 
University of Alaska 
Fairbanks, Alaska 99701

Send all correspondence to:

John P. Bryant 
Institute of Arctic Biology 
311 Irving Building 
902 Koyukuk North 
University of Alaska 
Fairbanks, Alaska 99701

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Il/1JPB82/Im

ABSTRACT

We present experimental evidence that severe winter browsing of 

adult phase Alaska feltleaf willow, Salix alaxensis, causes it to revert 

to juvenile-form stump sprouts that are unpalatable and of low 

nutritional quality to snowshoe hares as compared to twigs of adult- 

form S_. alaxensis plants. We further demonstrate that the palatability 

of winter-dormant Ŝ . alaxensis to snowshoe hares is a function the age 

of the sprout and its chemistry rather than accessibility (height) and 

morphology of the twigs. The low nutritional quality of juvenile 

sprouts is partially caused by decreased dry matter and nitrogen 

digestibility which may be related to increased lignin and phenolic 

content of the twigs. This browsing-induced resistance to future winter 

browsing by hares relaxes within three years and within the height range 

of twigs normally available to snowshoe hares in winter. These results 

are compatable with the hypothesis that the induction and relaxation of 

resistence to browsing in the preferred winter food supply of snowshoe 

hare is a cause of the ten-year snowshoe hare cycle.

Key Words: Snowshoe hare; plant defense; browsing; plant phenols;

lignin; Salix

10 Year Index: Role of Plant Defense in Ten-Year Hare Cycle, Juvenile

Reversion in Woody Plants
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INTRODUCTION

Salix alaxensis is a rapidly growing willow characteristic of early 

stages of primary succession on Alaskan river floodplains (Viereck 1970; 

Viereck and Little 1972). It is a highly preferred winter food of 

snowshoe hare (Lepus americanus) , moose (Alces alces) and willow 

ptarmigan (Lagopus lagopus) (eg. West and Meng 1966; Milke 1969; Wolff 

and Zasada 1979; Wolff 1980a; Wolff and Cowling 1981). The snowshoe 

hare is a particularly important browser of Alaskan _S. alaxensis (Wolff 

1980a; Fig. la); and is an important cause of mortality of both 

sexually mature and immature S_. alaxensis during the transition from the 

willow to the alder stage of floodplain succession (Walker and Chapin 

1983; Walker unpub.). When badly damaged these willows produce stump 

sprouts that exhibit juvenile traits (Fig. lb).

The juvenile growth-form of woody plants often differs both 

morphologically and physiologically from the adult growth-form (eg.

Schaffalitzky de Muckadell 1962; Kozlowski 1971; Kramer and Kozlowski 

1979; Zimmerman 1981). For example, juvenile-form willows (eg. stump 

sprouts 1-2 years old) are characterized by strong apical dominance and 

consequent lack of lateral branching (Argus and Steel 1979; Fig. lc), 

prolonged fall leaf retention and lack of flowering (Zasada per. comm.), 

traits characteristic of juvenile woody plants (Waring 1959; Kozlowski 

1971; Kramer and Kozlowski 1979). In the third year sprouts began to 

take the adult form, and they began to branch and flower.

An increasing amount of evidence strongly suggests that feeding 

deterrents in the juvenile growth phase (sensu Kozlowski 1971; Kramer
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and Kozlowski 1979) of boreal woody plants have developed in response to 

winter hare browsing (eg. Klein 1977; Bryant 1981a,b; Pehrson 1981,

1983; Bryant et al. 1983a,b). Two explanations have been suggested for 

the evolution of increased resistance to winter hare browsing by 

juvenile-form tall shrubs such as Salix alaxensis: (1) juvenile

sprouts of tall shrubs are defended because they are lower and more 

available, or apparent "sensu" Feeney (1976), to hares than twigs from 

the crown of adult tall shrubs and (2) morphological and physiological 

traits of juvenile-forms that make them less palatable to hares are a 

consequence of age specific selection for defense against winter 

browsing (Bryant et al. 1983a). The first explanation predicts that low 

twigs on tall shrubs (a hare's reach is less than 0.5m above the snow) 

should have low palatability to hares during winter no matter what the 

growth form (juvenile or adult) of the sprout, whereas the second 

predicts only that twigs on juvenile- and adult-form sprouts should 

differ in their palatability to hares.

The primary objective of this study was to compare palatability to 

hares of juvenile-form and adult-form Salix alaxensis sprouts. In 

particular, we asked two questions: 1) Does the palatability of

winter-dormant stump sprouts of 5_. alaxensis increase with their 

chronological age since browsing? 2) Do twigs collected from different 

heights within adult-form S_. alaxensis plants differ in their 

palatability to snowshoe hares in winter? Our secondary objectives were 

to determine (1) if variation in the palatability of winter-dormant, 

adult and juvenile S_. alaxensis sprouts is a consequence of twig 

morphology or chemistry, and (2) to correlate chemical characteristics
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of these twigs with their nutritional quality for hares. All of these 

interactions have implications for the population dynamics of hares.

METHODS

Site selection and Collection of Samples

All S. alaxensis plants sampled were growing at two sites on the 

floodplain at the confluence of the Tanana and Chena Rivers near 

Fairbanks, Alaska. All mature S_. alaxensis at one site had been 

severely pruned, decapitated or barked at snow level the previous winter 

by snowshoe hares (Fig. la) and had regenerated by resprouting the 

previous summer (Fig. lb). The other site was protected from snowshoe 

hare browsing by a series of flood control dikes and extensive land 

clearing; at most, 2 kilometers of cleared land separated the unbrowsed 

S_. alaxensis stand from the browsed stand.

The plants sampled were located on a uniform substrate, Tanana 

River alluvium, to reduce site specific variation in j>. alaxensis 

quality to hares. This assumption was verified by bioassay and 

measurement of all chemical parameters discussed in this paper. No 

intersite variation in palatability or twig chemistry was found (P>0.50, 

paired t-test).

In the unbrowsed stand 125 individual, sexually mature, adult form 

S_. alaxensis plants similar in size to plants at the browsed site (<2cm 

diameter at 1 m above the ground) were decapitated mechanically at 50cm 

above the ground during each of the five winters preceeding the feeding
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trials to produce stump sprouts that ranged in age from 1-5 years old. 

Each plant was decapitated only once.

Two collections of small diameter (<4mm) twigs were collected from 

the unbrowsed stand; (1) a collection from the 0- 0.5m height interval 

from each stump sprout age class (1-5 years post decapitation) and (2) a 

collection from each of 4 height intervals within 4 year old sexually 

mature, adult form stump sprouts. Small diameter, 1-year-old stump 

sprouts were also collected from heavily browsed plants at the site used 

by hares.

All collections were made during midwinter (January) when the snow 

depth at each collection site was less than 25cm. Twigs less than 4mm 

diameter were collected because this is the twig diameter class 

considered to be preferred by snowshoe hares in winter (Pease et al. 

1979; Wolff 1980b).

Chemical analysis of samples

Immediately following collection twigs were used in feeding trials 

or freeze-dried for 48 hrs and stored at -30°C until chemical analysis. 

Twigs were freeze dried in order to minimize loss of volatiles. Such 

loss, if any, was probably small because (1) the lipid fraction of 

winter-dormant alaxensis appears to be nonvolatile fatty acids and 

fatty acid methyl esters (West and Salo 1979; Wieland unpub.) and (2) 

previous and subsequent analysis of fresh and freeze-dried 

winter-dormant Ŝ . alaxensis twigs has provided essentially identical 

values for all chemical fractions discussed in this paper (Bryant 

unpub.). Each replicate sample for chemical analysis contained a twig
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from each of 25 individual plants, and all analyses except two were 

replicated five times. Assays of phenolic glycosides and energy content 

were done on a single composite sample containing one twig from each of 

125 individual 1 year old stump sprouts or 4 year old adult-form stump 

sprouts.

Lipid concentrations were determined gravimetrically by difference: 

We extracted 0.75g samples of whole twigs twice sequentially for 24 h. 

in reagent grade diethyl ether (twig/ether, 1/10, w / v ) . The supernatent 

was discarded and the twigs were dried for 48 h. at 80°C and compared to 

the original dry weight.

Samples (250 mg dry mass) used in assays of Folin-Dennis reactives, 

condensed tannin fractions and astringent substances were first ground 

in a Wiley mill (20 mesh screen). The extraction procedure followed 

Martin and Martin (1982): two sequential 10 min. extractions in 20ml of 

aqueous methanol (50% v/v) at 95°C. The supernatant was saved and 

diluted to 50 ml prior to analysis. Folin-Dennis reactives (FD) and 

proanthocyanidin tannins (PA) were analyzed as described by Martin and 

Martin (1982), vanillin reactives (V) were analyzed as described by 

Burns (1971) as modified by Price et al. (1978), and astringent 

substances (A) were analyzed by the hemoglobin precipitation method of 

Schultz et al. (1981) using freshly collected sheep's blood as the 

source of hemoglobin. FD and A  concentrations are expressed as tannic 

acid equivalents (Fisher Lot 761429), V is expressed as catechin 

equivalents (Sigma 31F-0475) and PA is expressed as quebracho tannin 

equivalents (Pilar River Platt Corp.).

For phenolic glycoside assays 12.5 g of twigs were macerated in a 

blender and extracted in a soxhlet for 10 h. with 95% ethanol. Upon
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flash evaporation of the ethanol, a dark brown residue remained. The 

residue was dissolved into four 100 ml portions of water, and each 

portion was vacuum filtered through 75 ml of polyamide to remove any 

tannins and chlorophylls. To insure complete removal of all nonpolar 

components the combined aqueous extracts were extracted with two 50 ml 

portions of benzene. Isolation of phenolic glycosides from the 

resultant aqueous solutions was accomplished by extraction with ethyl 

acetate in a lighter-than-water extractor for 65 h. followed by flash 

evaporation of the ethyl acetate. The ethyl acetate extract was diluted 

to 2.5L with methanol. Phenolic glycosides were identified by thin 

layer chromotography following the methods of Audett et al. (1966). A

1.00 ml aliquot of the diluted solution was mixed with 1.00 ml of a 

methanol solution containing 1.89 X 10 mmole of resorcinol as an 

internal standard and subjected to high pressure liquid chromotography 

in order to quantify identified phenolic glycosides. Samples of 20 ul 

were injected using the following conditions: UV detector 250 nm, flow 

rate, column (analytical reverse phase [1 ml/min.][C^g]). A solvent 

gradient using tetra hydrofuran/water (98/2; v/v) as mobile phase A and 

methanol as mobile phase B. Salicin was also used as a standard during 

quantification of phenolic glycosides.

Nitrogen and phosphorus in ground samples were analyzed on a 

Technicon autoanalyzer by a sulfuric/selenious acid digest and a 

colorimetric analysis with a ferricyanide blue reaction for nitrogen and 

a molybdate blue reaction for phosphorus. The nitrogen concentrations 

of both twig neutral detergent and acid detergent residues were also 

determined. This allowed estimation of the amount of neutral detergent 

soluble (twig nitrogen - neutral detergent residue nitrogen), neutral
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detergent insoluble, and acid detergent insoluble nitrogen (Horvath 

1981; VanSoest 1982) in the willow diets. Total nonstructural 

carbohydrates (TNC) were analyzed by the modified Weinman method at the 

University of Alaska Agricultural Experiment Station at Palmer (Shaver 

and Chapin 1980). Structural carbohydrates, hemicellulose (H) and 

cellulose (C) and lignin (L) were analyzed by the sequential detergent 

method of Mould and Robbins (1981). The energy content of S_. alaxensis 

twigs was determined directly by bomb calorimetry of 1 g dry mass 

samples. Energy contents are expressed on an ash free basis as 

kilojoules per gram dry mass (Kj/g).

Palatability Trials

Ten captive hares (5 males and 5 females) were kept for feeding 

trials in 1 x 1 x 2 m cages equipped with funnels for separation and 

collection of urine and feces. The cages were in a building open to the 

south, so the hares experienced ambient winter temperatures and natural 

lighting. Experiments involving wild hares were conducted 

simultaneously at feeding stations in black spruce (Picea mariana) 

forests and thinleaf alder (Alnus tenuifolia = incana) thickets within 2 

km of the captive hare facility.

All feeding trials employed a randomized block design in which 

either age of plants or height of twigs above snow were main effects and 

individual hares or feeding stations were blocks. Experiments having 

more than two treatments, ages or heights were analyzed by two-way 

ANOVA. Differences among means of planned comparisons in these
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experiments were tested for statistical significance by a priori 

procedures (Sokal and Rolf 1969).

Before free-choice feeding trials captive hares were maintained 

upon a diet of concentrated livestock feed (Quality Texture) from which 

corn kernals had been removed and S_. alaxensis small diameter (<4mm) 

twigs (juvenile and adult-form) offered ad libidum. During free-choice 

feeding trials captive hares had access to the concentrate ad libidum.

In these trials 100 g wet mass of each age or height class were offered 

as either single bundles bound together at the base with wire or as twig 

segments 2-3 mm diameter x 2 cm long offered in trays with a screen 

bottom. Twig segments were were color coded by touching their ends to 

food coloring to facilitate separation of twigs from adult-form and 

juvenile-form plants following feeding trials. We had previously 

determined that the food coloring used does not affect hare feeding by 

offering hares willow twig segments treated with food coloring and 

untreated twig segments simultaneously (P > 0.50, paired T-test).

Before free-choice feeding trials with wild hares, hares were attracted 

to feeding stations by baiting with adult-form and juvenile-form 

alaxensis twigs, which were replaced for experiments by 100 g wet mass 

of twigs in bundles or trays of chopped twigs identical to those used in 

the captive hare experiments.

Experiment 1 was designed to determine if the palatability of 

winter-dormant S_. alaxensis small diameter (<4mm) twigs to snowshoe 

hares increases with plant age and/or twig height above snow (ie. 

availability of twigs to hares in winter). In this experiment twig 

bundles were offered to hares in two feeding trials. In the first 

feeding trial juvenile-form twigs (from 1-2 year old spouts) and
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mature-form twigs (from 3-5 year old sprouts) collected from 0 - 0.5 m 

above the snow and offered simultaneously to hares

In the second trial adult-form twigs collected from 0-0.5m, 0.5-1.0m, 

1.0-1.5m, and 1.5-2.0m above the snow and 1-year-old juvenile-form twigs 

collected from the 0-0.5 m  above the snow were offered.

Experiment 2 was designed to determine if the increased number of 2 

mm diameter branchlets per 4 mm diameter twig characteristic of 

adult-form willows (Argus and Steele 1979; Fig. lc) is the cause of the 

increased palatability of adult-form Ŝ. alaxensis. This experiment 

involved four feeding trials in which the palatability of 1-year-old 

juvenile twigs was compared to that of 4-year-old adult twigs. In 

the first feeding trial bundled twigs collected at 0-0.5 m  above the 

snow from adult-form plants were offered with bundled twigs collected at

0-0.5 m  above the snow from juvenile-form plants. In the second trial 

bundles of twigs identical to those in the first experiment were used 

except that all 0-2mm diameter second order branchlets were removed from 

twigs of adult form plants. This made the morphology of adult-form and 

juvenile-form stump sprouts similar. In the third trial only top 

terminal shoots of 4-year-old adult-form plants (similar in morphology 

to 1-year-old juvenile-form sprouts) were compared to 1-year-old 

juvenile-form sprouts. In the fourth trial hares were offered 2-3 mm 

diameter twig segments of both 4-year-old adult-form plants and

1-year-old sprouts.

Experiment 3 was designed to determine if the palatability of 

1-year-old juvenile-form sprouts provided by winter browsing of 

adult-form S_. alaxensis plants differs from that of 1-year-old 

juvenile-form sprouts provided by mechanical decapitation of adult-form
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Ŝ . alaxensis plants in winter. In this experiment bundles of juvenile 

form, 1 year old stump sprouts from mechanically decapitated plants were 

offered simultaneously with similar sprouts from browsed plants.

Nitrogen and Energy Balance

Before conducting nitrogen and energy balance experiments, we 

acclimated captive hares to experimental diets for 3 weeks. The diet of 

juvenile-form .S. alaxensis contained an average (±1SE) of 61.75±2.39% 

Quality texture concentrate minus corn kernals, and the diet of 3-5 year 

old adult-form Ŝ . alaxensis contained 48.22±0.76% concentrate. A 

supplement was necessary because our captive hares could not be 

maintained long enough on a pure diet of either adult-form or 

juvenile-form Ŝ . alaxensis browse to conduct this experiment.

Trials were conducted over a five-day period during which 

production of urine and feces was measured. Subsamples of feces were 

collected and freeze-dried; urine samples were acidified with sulfuric 

acid to ensure that nitrogen was not lost as ammonia; and both urine and 

feces were stored at -30°C prior to chemical analysis.

Chemical analysis and bomb calorimetry of urine and feces were 

conducted as described above for twigs. In addition to proximal 

nutrient and Folin-Dennis analysis, urine samples were analyzed for 

uronic acids, an indication of phenolic detoxification metabolism 

(Lindroth and Batzli 1983).

Nitrogen and energy balances were calculated by the method of 

partial digestibilities (Kleiber 1961) because a supplement was used. 

This technique can lead to errors if associative effects occur between
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feeds (Van Soest 1982). For example, in this experiment it is likely 

that some protein from the concentrated supplement was bound to tannins 

from the willow diets. Thus, while our results are comparable to those 

reported by Walski and Mautz (1977) from similar experiments with Acer 

rubrum, another tannin-containing browse (Bate-Smith 1978), the absolute 

dry matter and nitrogen digestibilities computed from our data should be 

viewed with caution. The trends we report are not likely to be 

artifacts of using a supplement because they are in agreement with 

trends obtained by Pehrson (1981, 1983) from experiments with mountain 

hares (I., timidus) fed unsupplemented diets of adult-form or 

juvenile-form Salix caprea.

RESULTS 

Palatability of Twigs

Within the 0-0.5m above snow height interval, winter-dormant twigs 

of juvenile-form (1-2-year-old) sprouts were significantly less 

palatable to snowshoe hares than twigs of adult-form (3-5-year-old) 

stump sprouts (Fig. 2, Table 1). Within mature plants, twigs collected 

from different heights were equally palatable (Fig. 2B, Table IB). 

Results from captive hares and wild hares were similar, except that 

variability among feeding stations was greater than than among captive 

hares because the number of hares visiting the stations varied. In 

general then, juvenile-form twigs were unpalatable and mature-form twigs 

were palatable whatever their height.

Altering twig morphology had little effect on palatability.

Removal of 0-2mm diameter branchlets from twigs of adult plants slightly 

decreased the difference between the palatability of these twigs and
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twigs of juvenile stump sprouts (Table 2). Offering terminal shoots of 

adult plants decreased the palatability difference between adult and 

juvenile-form plants a bit more (Table 2). However, in both experiments 

a strong preference for twigs of adult plants remained. Chopping twigs 

into segments had very little effect on the difference in palatability 

between twigs of adult and juvenile Ŝ . alaxensis (Table 2). Again 

results for captive hares and wild hares were comparable.

Juvenile stump sprouts, whether formed in response to mechanical 

decapitation or to hare browsing, were equally unpalatable to snowshoe 

hares in winter; both were much less palatable than twigs of adult 

sprouts (Table 3). Again captive hares and wild hares responded 

similarly.

Nutritional quality of twigs

Hares fed winter-dormant twigs of adult-form stump sprouts retained 

more energy and nitrogen per g of twig than hares fed twigs of 

juvenile-form stump sprouts because of low digestibility of dry matter 

and nitrogen in the juvenile form. Moreover, because hares also eat 

less juvenile-form plant tissue than adult-form plant tissue (Fig. 2; 

Tables 2,3,4) the cumulative effect of feeding twigs of juvenile stump 

sprouts to hares is even more serious.

The concentations of nitrogen, phosphorus, total nonstructural 

carbohydrate (TNC), lipids and energy in juvenile sprouts are equal to 

or higher than those of twigs collected from adult-form plants (Table 

5). The quality of nitrogen may, however, vary between the adult and 

juvenile form of alaxensis; twigs of adult-form plants contained more 

neutral-detergent soluble nitrogen and less acid-detergent fiber-bound
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nitrogen than those of juvenile sprouts (Table 6). Structural 

carbohydrate concentrations (hemicellulose, cellulose) of juvenile and 

adult-form plants are similar (Table 5). Lignin concentrations are 

higher in twigs from juvenile plants than twigs from adult plants (Table 

5). The concentrations of condensed tannins [vannilin reactives (V), 

astringent substances (A) and proanthocyanidins (PA)] and Folin-Dennis 

reactives (FD) varied little with age or height (Table 5). If anything, 

phenolic glycosides isolated from winter-dormant Ŝ . alaxensis twigs 

(salicin, picien, triandrin) are found in higher concentration in adult 

plants than in juvenile plants (Table 5).

Urine produced by hares fed juvenile sprouts had higher amounts of 

uronic acids and Folin-Dennis reactives than urine of hares fed adult 

sprouts (Table 7), which suggests greater excretion of detoxified 

phenolic compounds when fed juvenile sprouts.

DISCUSSION

It has long been recognized that juvenile form woody plants express 

traits associated with low palatability to browsing mammals 

(Schaffalitzky de Muckadell 1962). For example shrubs that bear thorns 

or spines are usually only thorny or spiney when juvenile (eg. Kozlowski 

1971; Kramer and Kozlowski 1979; Janzen and Martin 1981; Zimmerman 

1981). Juvenile woody plants are also easier to root than mature woody 

plants and increased rootability may be a consequence of enhanced 

production of orthodihydroxy phenols such as catechol (Zimmerman 1981) 

that are toxic to herbivores because they inhibit B vitamin synthesis 

(Reese 1979). Some juvenile woody plants exhibit enhanced production of 

secondary plant metabolites that have been implicated in deterence of
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snowshoe hare feeding, for example the triterpene carboxylic acid 

papyriferic acid by Alaska paper birch (Betula resininfera = papyrifera 

ssp. humilis) (Dugle 1966; Reichardt 1981). Klein (1977), Bryant 

(1981a,b), Bryant et al. (1983a,b), Sinclair and Smith (1984), have 

demonstrated that a variety of deciduous boreal forest trees and shrubs 

(Salix, Populus, Alnus and Betula) produce juvenile form stump sprouts 

that are less palatable to snowshoe hares in winter than twigs of adult 

plants.

Both juvenile and adult developmental phases may occur on the same 

plant (eg. Schaffalitzky de Muckadell 1962; Kozlowski 1971; Borchert 

1976; Kramer and Kozlowski 1979). The lower part of trees may remain 

juvenile after the upper part has attained maturity as, for example, in 

mature black locust trees (Robinia pseudoacacia), where the only lower 

branches bear thorns and lack the capacity to flower (Trippi 1963). 

Similarly, seedlings, juvenile-phase saplings, and the juvenile-phase 

lower branches of adult Alaska paper birch trees produces twigs coated 

with terpenes, for example papyriferic acid, (Dugle 1966; Viereck and 

Little 1972; Reichardt 1981; Bryant et al. 1983a,), that deter snowshoe 

hare feeding in winter (Bryant 1981a; Reichardt 1981).

Salix alexensis differs from these plants. Three years after 

decapitation or severe winter hare browsing the lower branches of S_. 

alaxensis in Alaska express traits characteristic of adult form willows; 

the capacity to flower, relaxed apical dominance and consequent 

increased lateral branching and production of small branchlets and 

early fall leaf abcission. Furthermore, data presented in Fig. 2 and 

Table 1 indicate that lower twigs of adult-form Alaskan Ŝ. alaxensis do 

not deter browsing by snowshoe hares. These results imply that
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selection for resistance to winter browsing by hares is related more to 

juvenility per se rather than height (availability or apparency to 

hares).

There are several possible causes for the low palatability of 

juvenile-form twigs to snowshoe hares. For example, small diameter 

branchlets may be more palatable to hares than larger diameter twigs 

because of their higher protein or energy content (Pease et al. 1979; 

Wolff 1980b; Sinclair et al. 1982). Thus Ŝ. alaxensis adult form 

sprouts could be more palatable to snowshoe hares than juvenile-form 

sprouts simply because of increased branchlet production in the former. 

Data presented in Table 2 indicates, however, that little of the 

difference in palatability of the forms is due to morphology. Thus we 

suggest several alternatives: 1) the concentration of feeding

attractants, eg. nutritional chemicals, is higher in adult-form plants 

such as 3 year old and older stump sprouts, 2) juvenile-form sprouts are 

characterized by feeding deterrents such as secondary metabolites, or 3) 

both of the above.

Our measurements of nitrogen and energy balance (Table 4) indicate 

that inhibition of dry matter and nitrogen digestibility partially 

account for the low nutritive quality of juvenile as compared to adult 

twigs. This low digestibility is not linked to low nutrient or energy 

concentrations because nitrogen, phosphorus, TNC, lipid, and energy 

concentrations of juvenile twigs are equal to or greater than those of 

adult twigs (Table 5).

Data presented in Table 6 indicates that more nitrogen may be bound 

to acid detergent fiber (ADF) in twigs of juvenile sprouts.
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Furthermore, the lignin concentration of juvenile sprouts is higher than 

that of twigs from adult plants (Table 5). Thus more nitrogen of 

juvenile-form sprouts may be bound to cell walls in relatively 

indigestible tannin-lignin-cellulose complexes (Horvath 1981; VanSoest 

1982; Zucker 1983), than is the case in adult-form plants. Such age 

dependent variation in lignification and nitrogen quality may account 

for the low palatability and digestibility of juvenile sprouts.

The higher levels of uronic acids and Folin-Dennis reactives in 

urine of hares fed the juvenile sprout diet (Table 7) suggests that low 

molecular weight phenolic compounds also may be involved in the low 

palatability and nutritive quality of juvenile S_. alaxensis. However, 

these substances do not appear to be the phenolic glycosides salicin, 

picien or triandrin, which have higher concentrations in adult-form 

plants (Table 5). Furthermore, Tahvanainen et al. (unpub.) have shown 

that salicin does not deter mountain hare feeding and that the reduced 

palatability of juvenile stump sprouts (several willow species) may be 

related to production of catechins. This result is particularly 

interesting because aglycones such as catechins are degraded by gut 

microflora of mammalian herbivores and excreated as the corresponding 3- 

glucuronide in urine (Harborne 1979). Thus, low molecular weight 

phenolic substances such as catechin can not be ruled out as a partial 

cause of the low palatability and nutritive quality of juvenile Ŝ . 

alaxensis to snowshoe hares.

Our results also do not rule out the possibility that the large 

difference in palatability between juvenile sprouts and adult plants is 

partially a result of feeding attractants in winter-dormant twigs of 

adult plants. Early spring flowering by willows such as S_. alaxensis
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(Viereck and Little 1972), appears to be dependent upon mobilization of 

amino acids and sugars, eg. sucrose, stored overwinter in flowering 

shoots (Sauter 1976, 1981a,b). Our results (Table 6) indicate that 

flowering shoots of adult plants contain considerably more neutral 

detergent-soluble nitrogen, which could be amino acid nitrogen than do 

shoots of juvenile sprouts. Although our measurement of TNC did not 

differentiate between juvenile and adult twigs (Table 5), other work 

indicates that twigs of 4-year-old plants contain more sugar than twigs 

of 1 year old sprouts (Bryant et al. in prep.). Thus variation in use 

of winter-dormant ,S. alaxensis by snowshoe hares may involve both the 

avoidance of negative factors characteristic of the juvenile-form and 

selection for positive factors characteristic of the adult form.

Irrespective of their cause, our results (Table 4) and those of 

Pehrson (1981, 1983) indicate clearly that adult willow has higher 

nutritive quality for hares in winter than does juvenile willow. 

Furthermore, Wolff (1980a) has documented that the entire crown of 

adult-form Ŝ. alaxensis of the size we studied is a readily available 

and important winter food of snowshoe hares. Not only is snow 

frequently deeper than .25 m  thereby lifting hares into the crowns of 

adult-form plants but snow loading often bends the crowns of mature 

plants to the snow surface and hares also gnaw down adult plants in 

order to eat their crown (eg. Fig. la). Thus by selectively feeding 

upon twigs of adult S_. alaxensis snowshoe hares can increase their 

intake and retention of digestible energy and nitrogen.

White (1983) has pointed out that selective feeding by vertebrate 

herbivores leads to increased intake of nutrients and energy in winter, 

and can increase offspring birth weight, increase production of milk by
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lactating females, increase offspring survival and increase future 

reproduction of surviving offspring the following spring. In snowshoe 

hare populations the upshot of increased offspring survival and 

reproduction because of increased availability of high quality winter 

food appears to be the cause of the increase phase of the ten-year hare 

cycle (Keith 1974, 1983; Keith and Windberg 1978).

The consequence of a rapid increase in snowshoe hare numbers in 

boreal forests is severe winter browsing of preferred browse species 

(Seaton 1911; Aldous and Aldous 1944; Grange 1949, 1965; Dodds 1960; 

DeVos 1964; Fox 1978; Pease et al. 1979; Wolff 1980a,b), such as 

alaxensis growing on floodplains in interior Alaska (eg. Fig. la). 

Snowshoe hare browsing can be severe enough during times of high hare 

numbers to cause widespread reversion to the juvenile-form by Alaskan 

floodplain populations of adult S^ alaxensis (eg. Fig. lb), our results 

indicate that juvenile sprouts resulting from this reversion are 

unpalatable to snowshoe hares (Fig. 2; Tables 2,3,4), low in nutritional 

quality (Table 4), and that this juvenile reversion relaxes after two 

years (Fig. 2A; Table 1A). Such a decline in forage quality can, in 

theory, account for the period of the ten-year hare cycle because it can 

cause a 2-3 year lag in hare population growth related to the recovery 

of the vegetation from severe hare browsing (May 1975; Bryant 1981b; 

Bryant et al. 1983a; Fox and Bryant 1984).
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LEGENDS FOR FIGURES 

Figure 1. A. Impact of winter hare browsing upon a floodplain S_. 

alaxensis - Populus balsamifera stand during the peak year of the ten 

year hare cycle in Interior Alaska. B. Juvenile-form S^ alaxensis 

shoots produced by hare browsed plants in the same stand in the spring 

following the peak winter. Note hat and pencil for scale. C. 

Winter-dormant twigs of juvenile-form (left) and adult-form (right) S_. 

alaxensis.

Figure 2. The effect of plant age (A) and twig height above the snow 

(B) upon the consumption (mean ± 1SE) of winter-dormant S_. alaxensis 

twigs by snowshoe hares. Adult plants in the height experiment were 

four years old. N=10 hares of feeding stations.
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Table 1. Analysis of variance for effects of plant age (A) and twig
height (B) on the palatability of winter-dormant S_. alaxensis 
to snowshoe hares.

Experimental Animals

Juvenile vs mature 
(within 0-0.5m)

0-0.5m vs >0.5m 
(within mature plants)

Hares or feeding stations

Captive Hares 
F df

A. Age of plant

(1-2 yr) vs (3-5 yr)a 

Hares or feeding stations

B. Height above snow
(includes mature and juvenile)

134.9

476.0

0.5

(4.36)**

(1.36)**

(9.36)

4.2 (4,36)*

8.4 (1,36)*

0.0 (1,36)

1.0 (9,36)

Wild Hares 
F df

144.8 (4,36)**

519.0 (1,36)**

4.0 (9,36)*

57.5 (4,36)**

159.1 (1,36)**

2.6 (1,36)

3.7 (9,36)*

a means compared by a priori procedure (Sokal and Rolf 1969)

* = P<0.01, ** = P<0.001
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Table 2. Comsumption (means 1 1 S.E.) by snowshoe hare of
winter-dormant J3. alaxensis with unaltered and altered twig 
biomass distribution and morphology. N = 10 captive hares or 
feeding stations.

Experiment Captive Hares Wild Hares
(g DM « kg body mass » day ) (% biomass ♦ day )

twigs
Juvenile

twigs
P Mature

twigs
Juvenile

twigs
P Mature

Unaltered twigs 3.2±1.2 A 30.3+3.1 4.011.4 A 98.1311.2

Branchlets removed 8.1+0.7 A 29.211.6 12.3+1.4 98.810.8

Terminal shoots 7.1+0.8 A 19.611.9 8.210.6 A 97.1+1.4

Chopped twigs 0.610.1 A 2 5 . U 1 . 8 6.1+1.9 A 99.0+0.1

a. *=P<0.001; one-tailed t-test
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Table 3. Consumption (mean ± SE) by snowshoe hares of winter-dormant 
S_. alaxensis one year following browsing. N = 10 captive 
hares or feeding stations.

Captive hares 
(gDM*k| body^ 
mass *day )

Wild hares ^
(% biomass*day )

Unbrowsed
Control

Hare
Browsed

Simulated
Browsing

1. means with same superscript do not differ statistically at P<.05 
all other differences significant at P<0.001; means compared by a 
priori procedure (Sokal and Rolf 1969).
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Table 4. Use (mean ± 1SE) of winter-dormant Ŝ . alaxensis by snowshoe hare. 
= 5 hares.

Growth Form 

Juvenile Mature

Dry matter intake 26.79 ± .98 56.20 ± 1.98

Apparent dry matter digestibility 19.96 ± .72 29.85 ± .98
(percent)

Nitrogen balance

Nitrogen ingested 11.78 ± .33 10.27 ± .37
(mg*g 1 Willow DM)

Nitrogen digested -3.92 ± .28 1.02 ± .11
(mg»g Willow DM ingested)

Apparent digestibility -33.36 ± .53 9.93 ± .34
(percent)

Nitrogen retention -5.48 ± .21 .44 ± .05
(mg*g Willow DM ingested)

Energy Balance

Energy ingested 21.05 20.54
(KJ*g_1 Willow DM)

Energy digested 4.34 ± .37 5.22 ± .22
(KJ*g * Willow DM ingested)

Digestibility 20.62 ± 2.03 25.41 ± 1.08
(percent)

Energy retention 2.45 ± .50 3.72 ± .15

: = P<0.001: one tailed t-test.
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Table 5. Effect of clone age and twig height above snow upon Ŝ . alaxensis chemical c 
standard error presented, n = 5 replicate samples.

Constituent

1 2

Age of Plantb 
Years 
3 4 5

Nitrogen 1.18±.03a 1.091.03a,b 1.051.03b .911.04° .931.03°

Phosphorus

CtJOO . 1211.004a .1061.001b .0791.003° .0771.002° .0

TNC 7 At.2 7.3±.3 7.01.1 6.81.2 6.51.2

Lipids 6.6±.2 6.41.4 6.31.3 6.21.4 5.91.3

Hemicellulose 18.l±.4a 17.2l.3a,b’° 17.li.2a,b,C 16.51.3b ’° 16.21.4° 16

Cellulose 26.1±.4 26.31.4 25.11.5 25.61.4 25.01.4

Lignin 15.6±.2a 15.4l.4a 11.31.lb 10.6i.2b 11.3i.3b 1

FD 6.98±.49a,b 7.101.223 4.991.15° 5.75i.31b ’° 5.64i.22b,° 5.

PA 24.30±1.21 25.5011.46 23.0912.26 22.4712.18 19.571.27 22

V 2.52±.36 2.521.55 2.361.19 2.461.45 2.331.14 2

A 12.75±.44b 12.51i.31b 12.64l.43b 12.681.17b 13.161.10b 12

Phenolic Glycosides

Salicin .045 .100

Picien .780 1.000

Triandrin 1.300 1.400

Energy 21.05 20.54

a. All values expressed as % dry mass except energy, which is expressed as kilojoulc 
carbohydrates, FD = Folin-Dennis reactives in tannic acid equivalents, PA = proar 
tannin equivalents, V = vannilin reactives in catechin equivalents, A = astringer 
within a row with the same superscript do not differ significantly at P<0.05; mes 
test.

b. Twigs collected in height range available to hares (0-.5m above snow surface).

c. Plants were 4 years old.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



32

7e snow upon Ŝ . alaxensis chemical constituent and energy contents. Mean and 
:e samples.

jf Plantb
ifears
3 4 5 .25

Height Above Snow 
Meters 

.75 1.25 1.75

5±.03b .91±.04C .93±.03° .91±.04C 1.05+.03b 1.07±.01a,b 1.091.01a,b

±.ooib .079±.003C .077±.002C .0791.003° .0801.002° .101±.001b .110i.001a,b

0±.l 6.8±.2 6.5±.2 6.8±.2 6.9+.3 7.2±. 3 7.31.3

3±. 3 6.2±.4 5.9+.3 6.2±.4 6.3±.4 6.4±.2 6.51.3

.2a »b,c 16.5±.3b,C 16.21.4° 16.5i.3b ’° 16.9±.2a,b,C 17.5±.4a,b 18.01.3a

. 1±. 5 25.6+.4 25.0±.4 25.6+.4 25.4±.3 26.1±.5 26.71.3

3±. lb 10.6±.2b 11.3+. 3b 10.6±.2b 11.4+.2b 11.0±.3b 11.7i.2b

'9±.15C 5.75±.31b,C 5.64±.22b,c 5.75±.31b,C 5.75±.22b,c 5.76±.27b,C 6.10i.26a,b,C

19+2.26 22.47±2.18 19.57±.27 22.47±2.18 19.22±1.33 20.8311.33 20.84+1.11

16±. 19 2.46±.45 2.33+.14 2.46±.45 2.44±.16 2.551.15 2.681.08

)4±.43b 12.68±.17b

.100

1.000

1.400

20.54

13.16+.10b 12.68±.17b 13.46±.57a,b 14.62l.513 12.781.39b

ergy, which is expressed as kilojoules/gram dry mass. TNC = total nonstructural 
n tannic acid equivalents, PA = proanthocyanidin condensed tannins in quebracho 
n catechin equivalents, A = astringent substances in tannic acid equivalents. Means 
t differ significantly at P<0.05; means compared by by Student-Newman-Keuls (SNK)

hares (0-.5m above snow surface).
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Table 6. Concentrations of soluble and fiber-bound nitrogen (means ± 1 
SE) in S_. alaxensis diets. N = 5.

Nitrogen Fraction 
Neutral Detergent Neutral Detergent Acid Detergent 

Soluble Fiber Fiber

14.2 ± 1.1 36.2 ± 1.9 49.6 ± 2.1

a. *=P<.001; one-tailed t-test.
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Table 7. Uronic acids and Folin-Dennis reactives (means ± 1 SE)
excreted in urine by snowshoe hares fed juvenile and adult jS. 
alaxensis. N = 5.

Uronic acids ^.88 ± .17 4.54 ± .25
(mg*g dry mass ingested *day )

Folin-Dennis reactives ^1.91 ± .10 1.26 + .05
(mg*g dry mass ingested *day )

: P<0.0025; one-tailed t-test.
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