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The effects of partial defoliation on photosynthesis, whole-seedling carbon allocation, partitioning and growth

were studied for two species with contrasting foliar traits. Field-grown seedlings of deciduous Japanese larch

(Larix leptolepis) and evergreen red pine (Pinus resinosa) were defoliated by hand in early summer for 2 consecutive

years. In the first year (1990), seedlings were defoliated by removing the distal 0, 25, 50 or 75% of each needle.

In the second year (1991), seedlings were defoliated either 0 or 50%, regardless of previous defoliation treatments.

Defoliation had little effect on photosynthesis and starch concentration in whole seedlings of either species in the

first year. In the second year, photosynthesis increased in both species in response to the 1991 defoliation

treatment, and in red pine also increased in response to the 1990 defoliation treatment. Further, in 1991 both larch

and pine had decreased whole-seedling total non-structural carbohydrate concentrations in all seedlings that were

defoliated at least once over the 2-yr period. This decrease was noted mostly in the starch component of the non-

structural carbohydrates, and was similar in both species. In 1991, biomass was similarly decreased in both species

in response to 1991 defoliation. Both species showed overcompensation in total and component biomass in

seedlings defoliated by 25% in 1990. Overall, the results do not support the widely held belief that evergreen trees

are substantially more affected than deciduous trees by defoliation.

Key words: defoliation, leaf lifespan, Pinus resinosa (red pine), Larix leptolepis (Japanese larch), carbon allocation,

carbohydrates, photosynthesis, starch.



Efforts to understand plant responses to defoliation

have focused on three related topics: the effect of

defoliation on growth, carbon (C) allocation and

partitioning; identification of common plant traits

between species with similar defences; and the

significance of compensatory responses to defoli-

ation. The effect of defoliation on photosynthesis,

growth, C allocation and partitioning in trees has

received considerable attention (Kozlowski &

Winget, 1964; Harris, 1974; Reich et al., 1993), yet

despite this research our overall understanding of

plant responses to defoliation is weak (Haukioja,

1990).

*Author for correspondence (fax 1 973 655 7047; e-mail

vanderkleid!mail.montclair.edu).

Responses to defoliation have been characterized

by plant types (Feeny, 1976; Mooney & Gulmon,

1982; Coley, 1988). Bryant et al. (1983) have

proposed that plants can be grouped by their leaf

longevities. A central tenet of their hypothesis is that

evergreen plants are more sensitive to foliage loss

than deciduous species, because evergreen foliage

has a higher initial cost of production and a lower

rate of return per (C) investment, and stores a

proportionately larger amount of whole-plant C.

Taken together, it has been proposed that evergreen

plants will be more affected by defoliation than

deciduous plants.

However, the hypotheses proposed by these

authors do not appear to consider compensatory

responses to defoliation (Trumble et al., 1993). It

has become apparent that plants compensate for lost
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leaf area in a number of ways (Harris, 1974; Heichel

& Turner, 1983; Trumble et al., 1993). In particular,

rates of photosynthesis on residual or regrowth

foliage often increase relative to non-defoliated

controls (Heichel & Turner, 1983; Reich et al.,

1993). In addition, plant biomass is not necessarily

reduced by the same percentage as leaf area (Harris,

1974; Bassman et al., 1982; Reich et al., 1993). In

fact, there is evidence that lightly defoliated plants

may increase sufficiently in biomass to end up larger

in mass than non-defoliated controls (Harris, 1974;

McNaughton, 1983).

Another possible shortcoming of the ‘evergreen

versus deciduous’ hypothesis of plant–insect inter-

actions is the assumption that evergreen plants store

a significant proportion of their whole-plant C

reserves in the foliage. There are few data to support

or refute this claim, as until fairly recently most

research on C pools of trees has been limited to

above-ground components (but see Krueger &

Trappe, 1967). The extent to which foliage can be

considered a major storage organ for starch may be

dependent on the age of the plant (Webb, 1975,

1980). Further, loss of reserves may be of little

consequence to trees, depending on the timing of

defoliation (McLaughlin et al., 1980; Loescher et al.,

1990; Webb & Kilpatrick, 1993), and there is

substantial evidence that currently produced photo-

synthates are primarily responsible for growth

(Kozlowski & Winget, 1964; Gordon & Larson,

1970; Hogg & Lieffers, 1991).

Further confounding our understanding of plant

responses to defoliation is a general lack of under-

standing of the impacts of defoliation intensity and

history on plant physiology. Generally, studies have

been conducted where either a set percentage of leaf

area was removed (e.g. Lovett & Tobiessen, 1993) or

a medium and severe amount of foliage were

removed (e.g. Richards & Caldwell, 1985). In

addition, only a few studies report the effect of

previous defoliation (Reich et al., 1993) or the effect

of repeated defoliation (Ericsson et al., 1980; Wallace

et al., 1984; Richards & Caldwell, 1985) on physio-

logical responses. Multi-year defoliations are com-

mon in nature and may lead to responses otherwise

not noted after 1 yr. For example, Ives & Nairn

(1966) found that partial defoliation reduced growth

initially in young tamarack (Larix laricina) trees, but

that no further reduction occurred with additional

years of defoliation. By contrast, Alfaro et al. (1982)

found little to no effect of heavy defoliation ("60%

needle loss) on growth of Douglas fir (Pseudotsuga

menziesii) in the first 3 yr of defoliation in several

outbreaks.

This paper presents an experiment to address

defoliation and leaf longevity and their effects on

photosynthesis, growth and C reserves. Seedlings of

contrasting leaf lifespans and growth habits were

grown and treated under similar conditions so that

differences between species could be related without

further inclusion of environmental and phenotypical

variation (see Haukioja, 1990). A larch and a pine

species were chosen for this experiment because of

their presumed differences in dependence on cur-

rently produced and stored carbohydrates (Bryant et

al., 1988). Japanese larch (Larix leptolepis) and red

pine (Pinus resinosa) are closely related conifers, but

they differ in two important characteristics: Japanese

larch is deciduous and indeterminate, while red pine

is evergreen and determinate in growth habit.

Consequently, Japanese larch potentially has the

ability to offset loss of foliage incurred in mid-season

by producing new foliage in the year of defoliation,

whereas red pine produces only one flush of foliage

in the spring. In addition, red pine will carry over

affected foliage from one year to the next, while

Japanese larch loses all its foliage each autumn.

  

Plant material and growing conditions

Bare-root stock (2–0) of red pine (Pinus resinosa Ait.)

and Japanese larch (Larix leptolepis (Sieb. and Zucc.)

Gord.) seedlings were planted in rows within a

30¬30 m enclosure at the University of Wisconsin

Arboretum, Madison, Wisconsin. The red pine

seedlings were obtained from a Wisconsin Depart-

ment of Natural Resources nursery at Hayward,

Wisconsin. The Japanese larch seedlings were ob-

tained from a commercial nursery in Michigan. All

of the seedlings were planted in the spring of 1989 in

a completely random planting design and allowed to

acclimate for 1 yr before treatments were applied.

Seedlings were planted in the ground in garbage

bags (20, 55 or 110 l) with well mixed local soil

(Kibbie sandy loam). Each bag was perforated at the

bottom to allow for adequate drainage. In addition,

a layer of pea-sized gravel 2–3 cm thick was put in

the bottom of each bag to enhance drainage and to

impede root penetration outside the bag. No root

penetration was observed outside the bags in any of

the samples in either year of the experiment. Initially

it was planned to defoliate and harvest seedlings over

a 3-yr period, but as a result of poor growth and

survival in the first year the experiment was reduced

to 2 yr. All of the seedlings harvested in 1990 were

planted in the 20 l bags; all those harvested in 1991

were planted in 55 or 110 l bags. There were no

significant effects of bag size on plant growth in

1991, thus the data are pooled throughout this paper.

Seedlings were planted at an average density of 1.5

seedlings m−#. None of the seedling crowns was

touching at time of harvest. Seedlings were watered

well in each year of the experiment and during

acclimation.
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Fig. 1. Mean photosynthesis rates (³SE) per defoliation treatment in 1990 for Larix leptolepis and Pinus
resinosa seedlings.

Treatments and sampling

In 1990, treatments consisted of removing the distal

0, 25, 50 or 75% of each needle on each seedling.

Both species received the same treatments. In 1991,

seedlings of both species (from all 1990 defoliation

treatments) were equally and randomly allocated to

one of two treatment groups: defoliated or non-

defoliated (removing the distal half of each needle).

In all cases, the designation ‘control seedlings’ refers

to seedlings that were not defoliated in either year of

the experiment. In both years, defoliation was done

by hand using scissors in the first week of July. At

that time, red pine seedlings had completed their

needle expansion. A separate test of clipping ac-

curacy showed that visual estimation was close to the

desired levels (data not shown). Defoliation intensity

refers to the increasing amount of foliage removed in

1990. Defoliation history refers to whether seedlings

were defoliated in 1990, 1991, both years, or not at

all.

Photosynthesis was measured using a portable

photosynthetic gas-exchange system (ADC LCA-2,

ADC Ltd, Hoddesdon, UK). One measurement per

seedling per date was taken in such a manner that no

seedling was measured twice during the study. In

both years, measurements were taken on the residual

current foliage in red pine and on the foliage growing

on the current-year stem section in Japanese larch.

In 1990, nine to 12 seedlings were measured per

treatment for the summer (38 total measurements

for red pine and 41 total measurements for Japanese

larch). In 1991 some data were lost, and thus the

usable number of measurements ranged from four to

eight seedlings per treatment combination for the

summer (32–64 total measurements for red pine and

52–62 total measurements for Japanese larch). Mea-

surements took place in the late morning of each

measurement date under high light conditions. This

protocol was followed in order to be able to compare

values when the seedlings were at similar diurnal

stages. Further, it was assumed that during this time

in situ rates of photosynthesis would be at or near

maximum levels (cf. Reich et al., 1993). Following

each measurement on a seedling, needles were

collected to determine the leaf area and mass in the

cuvette at the time of measurement. These variables

were used to calculate photosynthesis on a projected

area or mass basis. The values reported in this paper

are the averages of all measurements taken during

the summer of each year. Generally, rates of

photosynthesis increased from late July to the end of

September, but the increase was consistent within

each defoliation treatment and did not change the

ranking of the treatment responses against each

other. Further, using date or initial plant size as a

covariate did not change the patterns of response.

In both years, seedlings were harvested in early

October before autumnal foliage senescence. Seed-

lings were excavated from the soil, cleaned, divided

into root, stem and foliage components, and dried at

70°C for several days. Subsamples from the dried

components were collected and ground to pass a

u40 mesh in order to determine starch and soluble

sugar content. Soluble sugars were first extracted

from the ground samples using a mixture of
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Table 1. Non-structural carbohydrate content per seedling tissue in defoliated and control Larix leptolepis and Pinus resinosa seedlings

Larix leptolepis Pinus resinosa

Fraction Tissue 0 25 50 75 0 25 50 75

Starch Roots 33±5³2±3 27±0³8±1 26±7³3±1 40±1³8±5 42±0³10±7 54±0³5±5 50±4³18±0 52±3³10±1
Stem 29±5³0±3 28±1³8±6 22±9³1±3 47±2³14±1 12±5³0±2 12±8³0±2 11±8³0±06 14±1³2±1
Foliage 14±6³0±1 14±7³0±1 12±8³0±1 12±8³0±1 11±9³0±2 12±3³0±3

Rootprop* 0±45³0±02 0±37³0±13 0±65³0±11 0±66³0±02 0±70³0±06 0±70³0±06

Stemprop 0±44³0±03 0±56³0±13 0±12³0±03 0±12³0±01 0±11³0±02 0±15³0±05

Folprop 0±11³0±02 0±08³0±01 0±23³0±07 0±21³0±01 0±19³0±04 0±15³0±04

TNC† Roots 150±6³10±3 138±0³24±8 114±5³2±8 145±6³13±0 124±2³5±5 145±8³17±2 154±2³22±5 146±5³19±6
Stem 107±4³11±0 101±5³5±3 98±3³5±6 115±1³5±3 74±0³5±9 79±6³12±8 77±8³5±4 77±2³4±7
Foliage 68±5³5±1 74±3³3±4 78±8³12±3 79±3³3±5 79±2³6±4 73±8³1±6

Rootprop 0±51³0±08 0±46³0±04 0±56³0±03 0±54³0±08

Stemprop 0±16³0±02 0±20³0±01 0±16³0±01 0±22³0±03

Folprop 0±33³0±06 0±34³0±04 0±28³0±02 0±24³0±05

Values are means³SE.

Non-structural carbohydrate content expressed as mg glucose equivalent g−" d. wt tissue.

A blank cell is the result of lost tissue. n ¯ 3, 2, 3, 3 and n¯3, 3, 3, 3 for 0, 25, 50 and 75% defoliated larch and pine, respectively. n¯0 for 50 and 75% defoliated larch foliage

tissue. Each sample (except where tissue is missing) represents the combination of two to three seedlings.

*Prop, carbohydrate content in the tissue as a proportion of whole seedling content. Whole seedling content is the sum of all tissue contents (adjusted for biomass).

†TNC, total non-structural carbohydrates (starch and soluble sugars combined).
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methanol, chloroform and water (12:5:3). Following

extraction, soluble sugars were determined colori-

metrically following digestion with sulfuric acid

(Hanson & Mo$ ller, 1975). Starch content was

determined colorimetrically following hot-water ex-

traction of the residual sample tissue and enzymatic

digestion of the extract (Haissig & Dickson, 1979).

All data for this experiment were analysed using

ANOVA and regression procedures of the JMP

statistical analysis software (version 3.1, SAS In-

stitute, Cary, NC, USA). ANOVAs were used to

assess the effect of defoliation in 1991. Contrasts

within the ANOVAs were used to ascertain the effect

of defoliation in general versus no defoliation in

either year. Regression analysis was applied to

analyse the effects of 1990 defoliation levels in either

year of the experiment.



The effect of defoliation in 1990

Photosynthesis. Neither species was significantly

affected by 1990 defoliation treatments. In general,

both species had similar patterns of response for

photosynthesis. Japanese larch seedlings had con-

sistently lower (P !0.001) rates of photosynthesis

on an area basis than red pine, but had similar rates

of photosynthesis on a mass basis (Fig. 1).

Non-structural carbohydrates. In 1990 there were no

significant effects of defoliation on starch, soluble

sugars or total non-structural carbohydrate (TNC)

content in either species (Table 1). In larch, the roots
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Fig. 2. Mean seedling mass (³SE) per defoliation treatment for Larix leptolepis and Pinus resinosa seedlings

defoliated in 1990 and 1991. Means are plotted across 1990 treatments in both years. For 1991 data, solid bars

indicate seedlings not defoliated in 1991; open bars indicate seedlings 50% defoliated in 1991.

had the highest TNC concentration as a result of

high soluble sugar concentrations (Table 1). In red

pine, the highest TNC concentration was also found

in the roots, but as a result of high starch con-

centration (Table 1).

Biomass. There were no significant differences (P ¯
0.178) in mass between Japanese larch and red pine

seedlings across defoliation treatments (Fig. 2). Red

pine seedling mass did not change with increasing

defoliation intensity. However, larch seedlings

showed a pronounced response to the 25% de-

foliation treatment resulting in a doubling of mass

relative to the control seedlings (Fig. 2). This is the

result of increases in stem and root mass (Table 2).

Larch and pine foliage mass at harvest were not

significantly affected by defoliation treatments de-

spite initial differences just after defoliation (Table

2), although mass was lowest in the 75% defoliated

treatment.

In both species, proportional distribution of mass

to stem and foliage, but not to roots, was affected by

defoliation. In Japanese larch, leaf–weight ratio

decreased markedly with increasing defoliation in-

tensity (P ¯ 0.003; Table 2) while allocation to the

stem (stem–weight ratio) increased (P ¯ 0.054;

Table 2). In red pine, leaf–weight ratio was greater

in the 25% defoliated seedlings than in controls or in

50% defoliated seedlings, and was least in the 75%

defoliated ones (quadratic function: P ¯ 0.046;

Table 2). Similar to Japanese larch, stem–weight

ratio in red pine increased with increasing defoliation

intensity (P!0.001; Table 2). For Japanese larch,
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Table 2. Tissue dry weight for defoliated and control Larix leptolepis and Pinus resinosa seedlings in 1990

Larix leptolepis Pinus resinosa

Tissue 0 25 50 75 0 25 50 75

Roots 15±5³3±1 30±0³8±2 24±9³5±6 17±1³4±6 19±7³3±1 16±6³2±5 18±3³1±7 12±8³2±3
Stem 17±4³3±8 44±9³20±9 37±5³8±7 26±8³6±4 10±7³2±2 11±6³1±8 10±8³1±2 11±3³0±11

Foliage 8±7³2±0 12±3³5±6 9±7³2±7 6±1³2±2 19±3³3±5 20±4³2±9 18±2³1±3 13±1³1±4

RWR* 0±37³0±03 0±41³0±04 0±43³0±08 0±34³0±02 0±41³0±03 0±34³0±01 0±39³0±02 0±34³0±04

SWR 0±42³0±02 0±46³0±04 0±45³0±07 0±56³0±02 0±20³0±01 0±24³0±01 0±23³0±01 0±31³0±02

LWR 0±21³0±03 0±13³0±01 0±13³0±02 0±10³0±02 0±38³0±02 0±42³0±01 0±39³0±01 0±35³0±02

RT}FOL† 2±1³0±3 3±4³0±6 3±9³1±0 4±4³1±2 1±1³0±2 0±8³0±03 1±0³0±1 1±0³0±2

Values are means³SE. Tissue weight expressed in g d. wt.

n¯9, 5, 7, 6 and n ¯ 7, 8, 9, 6 for 0, 25, 50 and 75% defoliated larch and pine respectively.

*RWR, root weight ratio (ratio of root d. wt to seedling d. wt), SWR, stem weight ratio, LWR, leaf weight ratio.

†RT}FOL, root d. wt}foliage d. wt.
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Fig. 3. Mean photosynthesis rates (³SE) per defoliation treatment in 1991 for Larix leptolepis and Pinus
resinosa seedlings defoliated in 1990 and 1991. Means are plotted across 1990 defoliation treatments. For 1991

data, solid bars represent seedlings not defoliated in 1991; open bars represent seedlings 50% defoliated in

1991.

root-to-foliage ratios of defoliated seedlings (all

treatments) were on average double those of the

control seedlings. Root-to-foliage ratios of red pine

did not change in response to defoliation intensity

(Table 2).

The effect of 1990 and 1991 defoliation treatments

on seedlings in 1991

Photosynthesis. As in 1990, defoliated red pine

seedlings again had significantly higher photosyn-

thesis rates on an area basis (P!0.001) than

defoliated Japanese larch (Fig. 3). In contrast to

1990, there was no significant difference between

control larch and pine seedlings. Larch seedlings

across treatments had higher rates of photosynthesis

on a mass basis than red pine (P!0.001; Fig. 3).

Larch seedlings defoliated in 1991 had signif-

icantly higher photosynthetic rates on a mass basis

(P ¯ 0.054; average increase 18%) than seedlings

not defoliated in 1991 (Fig. 3). Red pine seedlings

had significantly higher photosynthesis on an area

basis (P ¯ 0.049; average increase 15%), but not on

a mass basis (P ¯ 0.515) in response to 50%

defoliation in 1991 (Fig. 3).

In 1991 there was no significant effect of 1990
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Table 3. Non-structural carbohydrate content per seedling tissue in defoliated and control Larix leptolepis and Pinus resinosa seedlings in 1991

Larix leptolepis Pinus resinosa

Fraction Tissue 1991 TRT (%) 0 25 50 75 0 25 50 75

Starch Roots 0 162±7³27±9 123±6³3±5 131±9³4±5 148±3³19±2 136±7³8±4a 53±7³18±8 83±8³3±6 51±5³7±3
50 112±6³4±1 117±1³18±5 89±3³26±0 124±5³34±2 69±6³2±5b 60±9³5±2 68±3³11±4 70±0³9±5

Stem 0 137±9³14±2a 91±0³22±5 73±6³2±3 95±0³6±6 26±2³3±2 21±9³0±1 30±6³12±0 19±0³1±0
50 73±1³6±4b 68±4³14±0 70±5³10±0 94±6³14±3 23±9³1±4 19±4³1±1 20±3³2±7 21±5³0±2

Foliage 0 31±3³8±6 15±4³3±0 19±2³2±5 15±1³1±2 34±2³1±5a 33±5³8±0 15±9³1±7 16±3³1±7
50 17±5³1±7 15±1³0±6 15±9³0±4 18±4³2±7 18±9³4±2b 13±2³0±4 15±5³1±6 16±4³1±4

Rootprop† 0 0±51³0±07 0±38³0±21 0±56³0±07 0±52³0±01 0±67³0±02a 0±45³0±07 0±58³0±07 0±58³0±03

50 0±42³0±02 0±46³0±04 0±42³0±13 0±43³0±08 0±57³0±01b 0±65³0±01 0±65³0±03 0±61³0±04

Stemprop 0 0±43³0±06 0±57³0±18 0±36³0±03 0±45³0±01 0±12³0±01a 0±21³0±02 0±24³0±10 0±24³0±05

50 0±54³0±01 0±50³0±04 0±55³0±12 0±51³0±06 0±29³0±08b 0±21³0±01 0±20³0±00 0±23³0±04

Folprop 0 0±06³0±02 0±05³0±02 0±08³0±04 0±03³0±01 0±21³0±02 0±34³0±05 0±17³0±02 0±17³0±04

50 0±04³0±01 0±03³0±01 0±03³0±01 0±06³0±02 0±14³0±08 0±14³0±01 0±15³0±03 0±16³0±02

TNC‡ Roots 0 204±2³31±9 178±5³0±03 196±0³11±9 203±0³15±1 240±5³12±8 133±9³27±2 148±8³4±7 113±8³18±9
50 161±1³1±3 167±5³21±3 146±5³26±6 169±6³35±0 112±9³8±0 122±5³7±6 130±9³6±8 116±0³11±6

Stem 0 183±4³15±9 160±1³29±8 129±4³7±2 162±1³4±2 112±4³9±9 76±3³3±4 89±8³14±0 90±7³8±8
50 127±8³12±9 122±0³19±8 134±8³14±4 148±0³14±5 55±0³4±5 76±4³0±5 78±2³14±3 69±8³1±7

Foliage 0 116±1³21±4 101±4³2±6 130±6³21±6 108±2³12±3 118±1³4±5 102±3³8±5 78±9³0±7 80±3³9±9
50 100±3³7±6 91±5³9±7 120±6³8±1 101±1³8±5 73±6³2±9 77±7³2±6 94±3³4±0 70±2³3±1

Rootprop 0 0±45³0±07 0±29³0±16 0±47³0±07 0±42³0±01 0±49³0±02 0±40³0±05 0±40³0±06 0±39³0±04

50 0±34³0±03 0±38³0±04 0±36³0±09 0±37³0±07 0±45³0±00 0±44³0±02 0±42³0±03 0±42³0±03

Stemprop 0 0±40³0±05 0±52³0±13 0±35³0±02 0±46³0±00 0±21³0±01 0±24³0±00 0±27³0±06 0±35³0±08

50 0±53³0±01 0±51³0±03 0±54³0±06 0±47³0±04 0±32³0±09 0±29³0±01 0±26³0±02 0±31³0±03

Folprop 0 0±15³0±03 0±18³0±03 0±19³0±04 0±12³0±02 0±30³0±02 0±36³0±05 0±33³0±00 0±26³0±05

50 0±13³0±02 0±11³0±01 0±11³0±03 0±16³0±04 0±24³0±09 0±27³0±03 0±32³0±02 0±27³0±02

Values are means³SE. Non-structural carbohydrate content expressed in mg glucose equivalent g−" d. wt tissue.

n¯4, 2, 2, 2 and n¯2, 2, 2, 5 for 0, 25, 50 and 75% defoliated (in 1990) Japanese larch seedlings not defoliated in 1991 and seedlings defoliated in 1991, respectively. n¯4, 2, 2,

4 and n ¯ 2, 2, 2, 6 for 0, 25, 50 and 75% defoliated (in 1990) red pine seedlings not defoliated in 1991 and those defoliated in 1991, respectively. Each sample represents the combination

of two to three seedlings except where n&4.

*Amount of foliage removed in 1991; significant differences (Student’s t-test) between 1991 treatment responses are designated with a letter.

†Prop, carbohydrate content in the tissue as a proportion of whole seedling content. Whole seedling content is the sum of all tissue contents (adjusted for biomass).

‡TNC, total non-structural carbohydrates (starch and soluble sugars combined).
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Fig. 4. Mean starch, soluble sugar and total non-structural carbohydrate concentrations of whole seedlings

(³SE) per defoliation treatment for Larix leptolepis and Pinus resinosa seedlings defoliated in 1990 and 1991.

Means are plotted across 1990 defoliation treatments. Solid bars indicate seedlings not defoliated in 1991; open

bars indicate seedlings 50% defoliated in 1991.

defoliation treatments on photosynthesis in larch

seedlings (Fig. 3). By contrast, red pine seedlings

showed a linear increase (by as much as 50%) in

photosynthesis on a mass and area basis with

increasing 1990 defoliation intensity in 1991 (Fig. 3).

A similar, but non-significant, pattern was seen in

1990 in photosynthesis on a mass basis (Fig. 1).

Non-structural carbohydrates. In both species, TNC

concentrations showed similar patterns of response

to defoliation (Table 3). Defoliation of any kind (in

the current or previous year) caused about a 50%

decrease in whole-seedling starch concentration, but

neither the year of defoliation, nor the amount or

number of years of defoliation, mattered otherwise

(Fig. 4). This same pattern of response was generally

seen in all seedling components in both species,

although it was most pronounced in the foliage and

stem in Japanese larch, and in the foliage and roots

in red pine (Table 3). Soluble sugars displayed

different patterns of response to defoliation de-

pending on the species. In larch, soluble sugar

concentrations were unaffected by defoliation (Fig.

4) ; in pine, soluble sugar concentrations followed the

same patterns of response as starch, being lower in

all defoliation treatments than in controls (Fig. 4).

The proportional allocation of starch or soluble

sugars between seedling components differed be-

tween species. There was a significant difference

between defoliated Japanese larch and red pine in the

amount of starch proportionately allocated to their

root systems (larch 44%, pine 55%, P ¯ 0.019;

Table 3). In addition, Japanese larch had pro-

portionately less starch or soluble sugars in the

foliage and more starch or soluble sugars in the stem

than red pine (Table 3). In Japanese larch, the

proportional allocation of starch or soluble sugars to

a particular seedling component was not significantly

or consistently affected by 1990 or 1991 defoliation

(Table 3). Red pine seedlings defoliated in 1991 had

proportionately more starch in the stem (P ¯ 0.026)

and proportionately less sugar in the roots (P ¯
0.036) relative to non-defoliated seedlings. No other

effect of defoliation in 1991 was noted for starch or

soluble sugar allocations to other seedling com-

ponents.
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Table 4. Tissue dry mass (g) for defoliated and control Larix leptolepis and Pinus resinosa seedlings in 1991

Larix leptolepis Pinus resinosa

Tissue 1991 TRT (%) 0 25 50 75 0 25 50 75

Roots 0 87±9³8±2a 81±6³13±0 80±0³9±3a 41±2³9±8 55±7³7±0 61±5³12±1 38±8³7±4 35±9³7±8
50 49±0³8±9b 63±0³9±7 40±3³6±4b 27±7³6±0 42±0³6±8 50±8³9±9 44±8³8±7 23±0³3±3

Stem 0 83±4³9±5 106±0³17±6 78±2³11±6 54±4³14±4 58±3³5±9 62±7³12±8 43±3³5±4 37±7³6±5
50 65±2³11±2 90±4³14±0 70±8³13±6 41±3³9±0 56±2³11±4 51±6³8±2 49±3³9±2 29±6³4±5

Foliage 0 56±3³4±4a 62±0³12±0a 62.2³7±3a 20±0³5±2 76±5³7±2a 71±9³8±2 58±6³8±2 43±1³10±0
50 23±2³5±0b 25±1³4±3b 14±6³1±9b 17±8³3±3 46±6³7±5b 46±5³10±5 47±6³7±7 22±3³4±5

RWR† 0 0±39³0±02 0±33³0±02 0±38³0±02 0±36³0±01 0±29³0±01 0±30³0±02 0±26³0±02 0±30³0±02

50 0±36³0±03 0±35³0±02 0±32³0±02 0±32³0±03 0±22³0±02 0±34³0±02 0±31³0±02 0±31³0±01

SWR 0 0±36³0±03a 0±43³0±01a 0±30³0±05a 0±47³0±02 0±31³0±01a 0±32³0±03 0±32³0±01 0±34³0±04

50 0±48³0±03b 0±51³0±03b 0±55³0±02b 0±47³0±02 0±41³0±03b 0±36³0±03 0±35³0±01 0±40³0±02

LWR 0 0±25³0±03a 0±24³0±01a 0±32³0±04a 0±18³0±02 0±40³0±01 0±39³0±03a 0±42³0±01a 0±36³0±04

50 0±16³0±02b 0±14³0±01b 0±13³0±02b 0±21³0±03 0±37³0±03 0±30³0±03b 0±34³0±02b 0±29³0±03

RT}FOL‡ 0 1±61³0±16 1±43³0±14a 1±41³0±23a 2±42³0±50 0±72³0±05 0±81³0±11 0±64³0±07a 1±03³0±24

50 2±57³0±46 2±65³0±29b 2±89³0±44b 1±71³0±33 0±94³0±13 1±38³0±37 0±94³0±10b 1±21³0±24

Values are means³SE. n ¯ 8, 7, 9, 8 and n ¯ 9, 8, 7, 7 for 0, 25, 50 and 75% defoliated (in 1990) Japanese larch seedlings not defoliated in 1991 and seedlings defoliated in 1991,

respectively. n ¯ 8, 8, 9, 8 and n ¯ 8, 7, 8, 7 for 0, 25, 50 and 75% defoliated (in 1990) red pine seedlings not defoliated in 1991 and those defoliated in 1991, respectively.

*Amount of foliage removed in 1991; significant differences (Student’s t-test) between 1991 treatment responses are designated with a letter.

†RWR, root weight ratio (ratio of root d. wt to seedling d. wt) ; SWR, stem weight ratio; LWR, leaf weight ratio.

‡RT}FOL, root d. wt}foliage d. wt.
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Biomass. Both larch and pine seedlings defoliated in

1991 had significantly less mass than those not

defoliated in 1991 (larch, P!0.001; pine, P ¯
0.030; Fig. 2). In larch this response was the result

of significant reductions in both foliage mass

(P!0.001) and root mass (P!0.001), whereas in

pine it was primarily due to a reduction in foliage

mass (P!0.001; Table 4). The residual effect of

1990 defoliation treatments was also similar in both

species (Fig. 2). Relative to control seedlings, total

mass was similar (pine) or greater (larch) in 25%

defoliated seedlings and less in 50% and especially

75% defoliated seedlings (larch, quadratic function,

P!0.001; pine, quadratic function, P ¯ 0.003).

This pattern was generally shown by all components

(foliage, stem and roots) in both species (Table 4).

In both species there were significant (P!0.001)

decreases in leaf–weight ratio and increases in

stem–weight ratio in response to defoliation in 1991

(Table 4). As a result, root-to-foliage ratios were

higher in seedlings defoliated in 1991 (larch, P ¯
0.005; pine, P ¯ 0.018). There was no significant

residual effect of 1990 defoliation treatments on

leaf–, stem– or root–weight ratios in pine (Table 4).

In larch seedlings defoliated in 1991, leaf–weight

ratio decreased in seedlings defoliated by 25 and

50% in 1990 (quadratic function, P ¯ 0.018).

Despite this response, root-to-foliage ratios were not

affected. In all other cases, there was no residual

effect of 1990 defoliation treatments on proportional

allocation of mass to seedling components.



Physiological and morphological differences between

deciduous and evergreen species have been described

and debated for some time (Chapin, 1980; Gower &

Richards, 1990). The relative cost of defoliation in

terms of whole-plant C economy is hypothesized to

be higher for evergreen than deciduous species

(Mooney & Gulmon, 1982; Bryant et al., 1988).

Compensation for lost foliage, however, may alter

these expectations (Harris, 1974; Heichel & Turner,

1983; Trumble et al., 1993).

Photosynthesis

In all combinations of treatments, years and species,

defoliation either stimulated photosynthesis or had

no significant effect (Figs 1, 3). Stimulatory effects

on gas exchange were noted in 1991 in response to

1991 (larch and red pine) and 1990 (red pine only)

defoliation treatments (Fig. 3). The residual effect of

1990 defoliation treatments on red pine photo-

synthesis is an interesting response both in oc-

currence and pattern. The delay in response and

linear increase in gas exchange with increasing

residual defoliation intensity are generally incon-

sistent with the literature (Wareing et al., 1968;

Lubbers & Lechowicz, 1989). Reported responses

often include an increase in photosynthesis, but not

necessarily linearly with increasing defoliation in-

tensity (e.g. Lincoln & Mooney, 1984; Reich et al.,

1993). These reported responses were measured in

the year of defoliation, although Prudhomme (1982)

and Reich et al. (1993) found a residual enhancement

of photosynthesis 1 yr after defoliation. Other

residual effects of defoliation, such as on plant

defensive chemistry, have received considerable

attention (Karban & Myers, 1989). In addition,

Alfaro et al. (1982) noted that effects of defoliation

on growth and mortality could be delayed and may

have a residual effect several years after defoliation.

These results have been discussed mostly in the light

of possible adaptive significances; an actual mech-

anism to explain them has not been identified.

Non-structural carbohydrates

Total non-structural carbohydrates form the pool of

reserve C which can be partitioned to growth when

demand exceeds supply of currently produced

photosynthates (Kramer & Kozlowski, 1979; Waring

& Schlesinger, 1985). Both species had similar

response patterns for TNC content in both years of

the study. In 1990 there was no response to

defoliation, whereas in 1991 TNC concentrations

were reduced in defoliated seedlings (Tables 1, 3).

The reductions were less in larch than in red pine,

primarily because there were no reductions in soluble

sugar concentrations in defoliated larch seedlings.

Slightly higher TNC levels were allocated to the

roots in red pine seedlings than in Japanese larch,

but the main difference between the species was

noted in the above-ground components. Japanese

larch allocated proportionately more TNC to the

stem, whereas red pine allocated proportionately

more to its foliage (Table 3). These allocation

patterns are consistent with the literature and

underline the relative importance of the storage

function of foliage in red pine seedlings (Chapin,

1980; Bryant et al., 1988). However, it is important

to recognize that by far the largest pool of TNC

(proportional or absolute) was located in the roots in

both species. Thus, while loss of foliage constituted

a greater loss of TNC to pine than to larch, the

proportion of total seedling TNC lost in red pine was

still fairly low (c. 15% in 50% defoliated seedlings),

and lower still when regarding just the starch pool.

Within the TNC pool, starch concentrations have

been shown to be well correlated with the ability of

trees to survive defoliation events (Waring & Schles-

inger, 1985). It is expected that any changes in the C

balance of a seedling will be noted first in the starch

pool, as in theory partitioning to this pool is of low

priority (Chung & Barnes, 1980). Consequently, the

differences in response pattern between species may

reflect differences in their abilities to withstand
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defoliation. In both years of the study, both species

responded similarly with regard to starch content. In

1990, starch concentrations were not affected in

either species. In 1991, whole-seedling starch levels

were reduced the same amount (c. 50%) by de-

foliation in both species, regardless of defoliation

intensity or frequency relative to control seedlings

(Fig. 4). In addition to the similarity in response

patterns, both species had a minimum level of starch

that was maintained or that could not be used (cf.

Chapin et al., 1990). The fact that starch levels were

not reduced in 1990 is consistent with our results

showing no negative impact of defoliation on

photosynthesis or mass (Figs 1, 2). That defoliation

induced reduction in starch levels in 1991 but not in

1990 may be a result of increased seedling size. Both

red pine and Japanese larch seedlings increased four-

fold in mass from 1990 to 1991 (Fig. 2). Reich et al.

(1993) noted that smaller seedlings had shorter-lived

responses to defoliation. Therefore the smaller

seedlings in 1990 may have shown some response,

but it may have been too short in duration to have

had an impact on final starch concentrations.

How could defoliation cause a decrease in starch

concentrations, but apparently independently of

intensity or frequency of defoliation? Work with

different tree species suggests that regardless of leaf

longevity, C reserves are used in the spring only in

the early phases of growth. Most biomass accumu-

lation during the summer is dependent on current

photosynthate production (Kozlowski & Winget,

1964; Little, 1974; Webb & Kilpatrick, 1993). Thus

whole-seedling starch concentrations reflect the

amount of reduction early in the spring, as well as

the amount of replacement during the summer or

early autumn. A plausible explanation for the

response pattern of whole-seedling starch concen-

tration in both species is that growth may have

ceased sooner in controls than in defoliated seedlings.

Consequently, any further acquisition of C in control

seedlings could be partitioned to storage.

Biomass accumulation

In response to defoliation there was no particular

advantage to being deciduous or evergreen in terms

of total net C gain. There was no difference between

species in total seedling mass in seedlings defoliated

in both years of the experiment (P!0.766), nor was

there a difference between species in the proportional

decrease in mass between seedlings defoliated in

1990 versus those defoliated in 1991 (P!0.149).

Other similarities in response pattern were noted

with regard to changed allocation patterns following

defoliation. In response to current defoliation in

both years of the experiment, both species showed a

proportional shift in mass to the stem (Tables 2, 4).

The result of this shift in allocation was that C was

allocated to support the crown, but in a component

that could not be removed by further defoliation.

This pattern of response contradicts the predictions

of van der Meijden et al. (1988), but is in keeping

with results reported by Caldwell et al. (1981) and

Reich et al. (1993).

The focus of this study was on adverse affects of

defoliation on deciduous and evergreen conifer

seedlings. The results presented in this paper show

that the patterns and relative magnitude of response

to defoliation were generally similar in the two

species. Since there is some agreement that plant

mass can increase in defoliated plants (i.e. over-

compensate) relative to undefoliated ones (Harris,

1974; McNaughton, 1983; Reich et al., 1993), the

question can be posed whether defoliation had a

more positive effect in either species. Larch seedlings

lightly defoliated in 1990 showed no apparent change

in photosynthesis, but did have a greater total

biomass than controls in both years (Figs 1, 2, Table

4). By contrast, red pine seedlings had increased

photosynthetic rates, but total mass was unchanged.

Japanese larch seedlings may be better able to

compensate for light defoliation than red pine.

Whether a greater compensatory response confers an

advantage in the long run remains to be seen, and is

highly debated (Belsky et al., 1993). In conclusion,

this study does not support the widely held belief

that evergreen species are more adversely affected by

defoliation than deciduous ones. In this study, we

found that despite differences in leaf lifespan and

growth habit, both red pine and Japanese larch

treated under the same conditions had similar

patterns and relative magnitude of response.
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