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ABSTRACT 

To improve our understanding of shade tolerance, I studied responses in survival, growth, 

morphological characteristics, and physiological behavior to light availability of naturally 

regenerated saplings and/or planted seedlings of five tree species [ponderosa pine (Pinus 

ponderosa), western larch (Larix occidentalis), lodgepole pine (Pinus contortd), Douglas-

fir (Pseudotsuga menziesii), and Engelmann spruce (Picea engelmannii)] in central and 

southern interior British Columbia. 

Lodgepole pine saplings had a greater terminal and lateral increment than 

Douglas-fir saplings in high light environments. With decreasing light availability, (i) 

terminal increment, mean lateral increment, and total lateral increment decreased in both 

species and lodgepole pine had a greater decrease in lateral growth than Douglas-fir; (ii) 

the ratio of mean lateral to terminal increment in lodgepole pine did not change but 

significantly increased in Douglas-fir; (iii) the ratio of total lateral to terminal increment 

decreased in lodgepole pine but increased in Douglas-fir; and (iv) specific leaf area in 

both species increased, with a marginally greater increase in Douglas-fir; however, 

Douglas-fir always had a greater specific leaf area than lodgepole pine. 

Comparison of dynamic and steady-state photosynthesis between understory- and 

open-grown Douglas-fir seedlings indicated that when a P P F D of 200 or 500 u\mol m" 2 s"1 

was applied (following a 10-min period at a P P F D of 50 | imol m" 2 s"1) induction times 

required to reach 50 and 90% of steady-state net photosynthetic rates in the understory -

grown branches were shorter than those in the open-grown branches. On a per unit leaf 

area basis, the understory-grown branches had a lower dark respiration rate and higher net 
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photosynthetic rates at low PPFDs, but lower net photosynthetic rates at high PPFDs than 

the open-grown branches. However, on a dry leaf mass basis, there were no differences 

in dark respiration rates between the understory-grown and open-grown branches, but net 

photosynthetic rates of the understory-grown branches were equal to or higher than those 

of the open-grown branches at all PPFDs. 

After three growing seasons, survival of planted ponderosa pine and western larch 

seedlings decreased with decreasing light availability from intermediate to low light 

environments, whereas survival of Douglas-fir and Engelmann spruce seedlings did not 

vary with varying light environments. In low light environments, survival increased in 

order from western larch to ponderosa pine to Douglas-fir to Engelmann spruce. With 

decreasing light availability, 1) all study species except western larch had decreased 

height growth and Engelmann spruce had the greatest decrease among all the species; 2) 

diameter growth decreased for all study species and Douglas-fir had the greatest decrease; 

and 3) total biomass growth decreased for all study species and there were no difference 

in the extent of decreases in both absolute and relative biomass growth rates among the 

three evergreen conifers; however, ponderosa pine had the highest absolute biomass 

growth rate over three growing seasons in any given light environment. The ratio of 

absolute above- to below-ground biomass and specific leaf area varied with light 

environments in Douglas-fir and Engelmann spruce but not in ponderosa pine and 

western larch seedlings. 

These findings suggest the occurrence of interspecific differences in survival and 

growth, morphological, and physiological characteristics in response to light availability. 

This study finds that shade-tolerant species (i) have higher survival in low light 
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environments but generally a lower growth rate (height, diameter, and biomass) in both 

high and low light environments, and (ii) are more efficient in capturing limiting light 

resources in low light environments due to plasticity in specific leaf area, lateral to 

terminal growth ratio, and above- to below-ground biomass growth ratio. However, more 

work is needed to determine which characteristics are the best measures of shade 

tolerance, and more importantly, to determine the causes of shade tolerance. 
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PREFACE 
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and Pseudotsuga menziesii var. glauca saplings" authored by Han Y . H . Chen, Karel 

Kl inka , and Gordon Kayahara, was published in Canadian Journal of Forest Research 

V o l . 26: 1149-1957, 1996. In this study, I carried out the field measurements, data 

analysis, and writing; Dr. K . Kl inka designed the sampling procedure and helped in the 

field and with writing; and G . J. Kayahara provided useful suggestions on the growth 

measure and valuable input during the process of writing. 

Chapter 3 entitled "Light availability and photosynthesis of Pseudotsuga menziesii 

seedlings grown in the open and forest understory" (authored by Han Y . H . Chen and 

Karel Klinka) was published in Tree Physiology 17: 23-29. Dr. K . Kl inka established the 

plantation and helped in paper writing. I designed the field sampling procedure and 

conducted field measurements, data analysis, and writing. 
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Chapter 1 . GENERAL INTRODUCTION 

"A central objective of plant ecology is to understand the causes of patterns in 

distribution and abundance of species" (Givnish 1988) 

Light is an ultimate resource for all living organisms. The presence and success 

of any plant species depends on deficiency or excess with respect to light as well as to the 

other three site factors: heat, water, and nutrients. To these site factors, each plant species 

has a minimum and maximum limit, with the range between these limits defining 

ecological amplitude or tolerance. In tree species, the term shade tolerance means 

tolerance of low light environments, i.e., the relative capacity of species to survive and 

grow under low light environments through competing for water and nutrient resources. 

Shade tolerance is a useful concept but one which has been evading precise 

definition and characterization, as a tree growing in low light conditions of the forest 

understory is not only affected by reduced light but also by altered climatic, edaphic, and 

biotic environments (Carter and Klinka 1992). Knowledge of shade tolerance and its 

implications on survival and growth is essential for explaining and predicting forest 

succession and for supporting many stand-level silvicultural decisions. However, the 

evidence for inter- and intraspecific variation in tolerance remains incomplete and the 

mechanisms involved in shade tolerance remain inadequately understood. Classification 

or ranking of tree species according to their presumed shade tolerance is incomplete and 

often contradictory (compare Daniel et. al. 1979; Minore 1979; Krajina 1965, 1969; 

Lorimer 1983; Burns and Honkala 1990); and there is little site-specific information 
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relating establishment, survival, and initial growth of tree species to various light 

environments. This situation provided me with an opportunity and gave the impetus for 

the present study aiming to improve our understanding of shade tolerance of forest trees. 

As no direct measure of shade tolerance is available, it has instead been linked to 

survival, growth, morphological characteristics, and physiological behavior across the 

range of light environments and sites on which a tree species may grow. Recently, • 

various attempts have been made to relate shade tolerance with survival using 

observations in controlled environments (Kitajima 1994; Walters and Reich 1996) and 

permanent plots (e.g., Lorimer 1981, 1983) or estimates using early growth performance 

of natural regeneration and modeling techniques (e.g., Kobe et al. 1995; Kobe 1996). 

More shade-tolerant species generally have a higher survival than less shade-tolerant 

species in low light conditions both in natural and controlled environments. 

The studies relating growth performance to shade tolerance indicated that shade-

intolerant species have a better growth performance in high light conditions both in 

natural and controlled environments (Emmingham and Waring 1973; Canham 1988; 

Carter and Klinka 1992; Klinka et al. 1992; Oliver and Dolph 1992; Walters et al. 1993; 

Pacala et al. 1994, Walters and Reich 1996), but less conclusive results were reported for 

low light environments (see Walters and Reich 1996). Growth has been mainly measured 

on diameter and height increment in studies on growth performance in relation to shade 

tolerance using natural regeneration (e.g., Lorimer 1983; Canham 1988; Carter and 

Klinka 1992; Klinka et al. 1992; Oliver and Dolph 1992; Pacala et al. 1994; Kayahara et 

al. 1996). Very few studies, however, presented testable growth comparisons between 
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species with different presumed shade tolerance along a wide range of light 

environments. 

Growth measures (e.g., diameter, height, or even total above-ground biomass), 

however, do not necessarily explain the total carbon gain that ultimately reflects the 

relative capacity of a species to utilize limiting light (and other) resources in forest 

understories because biomass allocation patterns differ among species and change with 

different light environments (Sultan and Bazzaz 1993; Sims and Pearcy 1994; Lehto and 

Grace 1994). The net carbon gain could be a single measure of shade tolerance if 

mortality is purely due to negative carbon gain (Kitajima 1994; Pacala et al. 1994). Thus 

it is important to study relationships between light and net total carbon gain of tree 

species with different shade tolerance but there have been only a few such studies carried 

out in natural environments and across a wide range of light conditions. 

That a tree species is shade-tolerant could be eventually attributed to genetic 

properties acquired through long-term adaptation (Tilman 1988; Oliver and Larson 1990; 

Lei and Lechowicz 1990). These genetic properties should be reflected in the 

morphological and anatomical characters and physiological behavior of the species. 

Attempts to understand the causes of shade tolerance and to address the question why 

some species can tolerate low light conditions of forest understories with persistent 

survival and a relatively vigorous growth, led plant ecologists to the conclusion that 

shade-tolerant species must be more efficient in capturing and utilizing limited light 

resources and/or in consuming photosynthetic products (Daniel et al. 1979; Bjorkman 

1981; Givnish 1988; Walters et al. 1993; Sheriff et al. 1995). This efficiency can be 

detected in crown shape (architecture), leaf distribution pattern, leaf structure, biomass 
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allocation, photosynthetic capacity, respiration, and/or construction cost (Daniel et al. 

1979; Bjorkman 1981; Givnish 1988; Walters et al.1993; Sims and Pearcy 1994; 

Leverenz 1995). 

Each tree species, to tolerate shade, may have unique structural characteristics 

reflecting different adaptation strategies (Tilman 1988; Lei and Lechowicz 1990). Shade-

tolerant species generally have a dense and wide crown (Daniel et al. 1979; Canham 

1988; Oliver and Larson 1990), high above- to below-ground biomass ratio (Givnish 

1988; Wilson 1988), lower compensation point (Daniel et al. 1979; Kimmins 1987; 

Leverenz 1995; Kubiske and Pregitzer 1996), and fast photosynthetic responses to a 

dynamic light environment (Chazdon 1988; Pearcy 1990; Chazdon and Pearcy 1991). 

With a changing light environment, these morphological and anatomical 

characteristics and physiological behavior acclimate toward a benefiting "appearance" 

(phenotype) for the local light environment (Boardman 1977; Givnish 1988; Wilson 

1988; Walters et al. 1993; Sultan and Bazzaz 1993; Luken et al. 1995; James and Bell 

1996). Plants in low light environments develop thinner leaves (Tucker and Emmingham 

1977; Tucker et al. 1987; Abrams and Kubiske 1990; Chazdon and Kaufmann 1993), a 

higher above- to below-ground biomass ratio (Givnish 1988; Wilson 1988; Ellsworth and 

Beich 1992; Sims and Pearcy 1994), and faster photosynthetic responses to sunflecks than 

in high light environments (Chazdon 1988; Pearcy 1990; Chazdon and Pearcy 1991). 

However, most of the studies on plasticity were done on broadleaf tree species and 

agricultural plants in controlled environments, while plastic responses of conifers in 

natural environment across a wide range of light availability remain largely unknown. 
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The objectives of the research presented in this dissertation were to answer four 

questions for major crop tree species of central British Columbia: 

1. How do naturally regenerated saplings respond in growth, and how do planted 

seedlings respond in survival and growth to varying light environments? 

2. To what extent are the measures of survival and growth related to presumed 

shade tolerance? 

3. How do morphological characteristics and physiological behavior change with 

light environments? and 

4. To what extent are morphological characteristics related to presumed shade 

tolerance? 

The objectives were achieved through examining (i) the responses of naturally 

regenerated saplings in terminal and lateral growth to a wide range of light environments 

(Chapter 2); (ii) the responses of planted seedlings in survival and several growth 

measures to a wide range of light environments (Chapters 4 and 5); (iii) the 

morphological responses (Chapters 2, 4, and 5) and the physiological responses of the 

study species to a wide range of light environments (Chapter 3); and (iv) interspecific 

differences in these responses and to relate these differences to presumed shade tolerance 

of the study species (Chapters 2, 5, and 6). 

The framework into which these questions were set and three major hypotheses 

tested are given in Figure 1.1. The hypotheses were that: 1) more shade-tolerant species 

in low light conditions have a higher survival and better growth performance; 2) more 

shade-tolerant species in low light conditions have higher efficiency in capturing and 

utilizing light resources, and consuming carbohydrates; and 3) the higher efficiency in 
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shade-tolerant species is the result of the differences in genetics and plastic responses to 

light stress. 

More shade-tolerant species 

in low light 

I 
higher survival & 

better growth 

1 
higher efficiency 

I 
light 

interception 

light 

utilization 

carbohydrate 

consumption 

Figure 1.1 Flowchart of hypotheses tested in the dissertation. 

As stated in the Preface, this dissertation consists of four independent studies, 

with each study addressing one or more of the questions stated above. The study on the 

effects of light on growth, crown architecture, and specific leaf area for naturally 

established Pinus contorta and Pseudotsuga menziesii saplings is presented in Chapter 2. 

Chapter 3 contains the study on the light environment and the steady-state and dynamic 

photosynthetic behavior of Pseudotsuga menziesii seedlings grown in the open and forest 

understory. Chapters 4 and 5 report the survival, growth, allometry, and specific leaf area 

of planted Larix occidentalis seedlings (Chapter 4) and planted Pinus ponderosa, 

Pseudotsuga menziesii, and Picea engelmannii seedlings (Chapter 5). Chapter 6 contains 

an integrated discussion of these four studies and indicates how the results can be used 

for characterizing shade tolerance of the study species. Chapter 7 presents a brief 

conclusion to this study. 
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Chapter 2 . EFFECTS OF LIGHT ON GROWTH, CROWN ARCHITECTURE, 

AND SPECIFIC LEAF AREA FOR NATURALLY ESTABLISHED PINUS 

CONTORT A VAR. LATIFOLIA AND PSEUDOTSUGA MENZIESII VAR. 

GLAUCA SAPLINGS 

Introduction 

The responses of tree species to various light conditions have been studied in relation to 

growth performance (Emmingham and Waring 1973; Canham 1988; Carter and Klinka 

1992; Klinka et al. 1992; Oliver and Dolph 1992), biomass allocation, and leaf structural 

and photosynthetic plasticity in controlled experiments and natural environments (Tucker 

and Emmingham 1977; Tucker et al. 1987; Abrams and Kubiske 1990; Ducrey 1992; 

Ellsworth and Reich 1992; Klinka et al. 1992; Walters et al. 1993; Sims and Pearcy 1994; 

Lehto and Grace 1994; Wang et al. 1994; Ninements and Kull 1995). In general, more 

shade-tolerant species exhibit a greater survivorship and growth than less shade-tolerant 

species in light-limiting environments (Daniel et al. 1979). However, testable 

comparisons of growth acclimation between species with different tolerance to shade or 

between different sites for a given species along a wide range of light conditions are not 

available (e.g., Emmingham and Waring 1973; Canham 1988; Carter and Klinka 1992; 

Klinka et al. 1992; Oliver and Dolph 1992). 

A l l studies, except one by Ducrey (1992), report that more shade-tolerant species 

have a higher capacity to change leaf structure (Abrams and Kubiske 1990; Klinka et al. 

1992; Chazdon and Kaufmann 1993). More shade-tolerant species develop a greater leaf 

area per leaf dry mass by decreasing leaf thickness, and a lower stomatal density in low-
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light environments. A greater specific leaf area is more efficient in capturing a limiting 

light resource. A lower stomatal density may increase water use efficiency at low light 

availability by increasing transpiration resistance on water-deficient sites. 

Crown architecture or shape is also an important factor in determining a tree's 

capacity to compete and photosynthesize efficiently in light-limiting environments (Daniel 

et al. 1979; Oliver and Larson 1990), but only a few studies of light acclimation of crown 

architecture examined branching pattern and lateral and terminal growth relationships 

(Canham 1988). As the changes in crown architecture have the greatest impact on 

capturing light, they may be very important to elucidate the acclimation capacity of a 

species to different light environments. 

The objective of this study was to examine light responses of growth, crown 

architecture, and specific leaf area in naturally regenerated saplings of two canopy tree 

species: lodgepole pine (Pinus contorta Dougl. ex. Loud. var. latifolia Engelm.) and 

interior Douglas-fir (Pseudotsuga menziesii var. glauca (Beissn.) Franco), each a major 

species of the interior montane forests in central British Columbia (Krajina 1969; 

Meidinger and Pojar 1991). Lodgepole pine is considered a shade-intolerant, early serai 

species (Daniel et al. 1979; Lotan and Critchfield 1990). Douglas-fir is a moderately 

shade-tolerant, mid- to late-seral species (Daniel et al. 1979; Herman and Lavender 

1990). The specific objectives were to address the following questions: (i) Are there any 

differences in growth, crown architecture, and specific leaf area between lodgepole pine 

and Douglas-fir grown in the open? (ii) With decreasing light availability, are relative 

growth reductions compared with the open-grown saplings in the two study species the 

same? (iii) Do plasticity of crown architecture and specific leaf area in both species show 
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a similar pattern? In this study, terminal shoot increment and lateral branch increment 

were used to characterize growth performance, and the changes of the specific leaf area 

with light were used to characterize the plasticity at the leaf level. Since it is very 

difficult to quantify crown architecture, the current study considered the change in lateral 

and terminal growth ratios with light as an index of crown plasticity. 

Materials and Methods 

Study Sites and Saplings 

A total of 12 study sites, 6 for each species, were randomly located in the Dry Cool 

Interior Douglas-fir biogeoclimatic subzone (Meidinger and Pojar 1991), near Williams 

Lake, British Columbia ( 52°05 'N , 121°50 'W) . Data from the closest climatic station 

indicate that the mean annual precipitation is 426 mm, mean annual temperature is 4 . 1 ° C , 

mean precipitation of the driest month is 15.8 mm, mean temperature of the warmest 

month is 15.8 °C , and number of months with mean temperature > 10°C is four 

(Environment Canada 1982). A l l study sites were considered moderately dry and had 

medium nitrogen levels based on a system using topography, soil morphological 

properties, and indicator plants to estimate soil moisture and nutrient status (Green and 

Klinka 1994). 

Each study site supported the growth of well-established and relatively uniform 

naturally regenerated saplings of the respective species exposed to a variety of light 

environments from an open area (clearcut) to stand edges, canopy gaps, and understories 

in adjacent mature stands. On each site, approximately 150 saplings, generally between 

0.8 and 1.3 m in height with no apparent competition for light from shrubs and herbs, and 

Chapter 2, Page 9 



no apparent damage, were sampled systematically along transect lines. Relatively stable 

light conditions were judged from a small variation in height increment of the saplings in 

the last 3 years and no recent disturbances in the forest canopy. 

Light Measurements 

In this study, light availability for each sampled sapling was determined by the procedure 

described in Carter and Klinka (1992). Light measurements were taken under clear sky 

conditions between July 2 and 20, 1993. A sunfleck ceptometer (model SF-80, Decagon 

Devices, Pullman, W A ) , which had 80 photosynthetically active radiation (PAR) sensors 

placed at 1-cm intervals along a probe, was used to measure instantaneous photon flux 

density of P A R (400-700 nm) received by each sapling. The ceptometer was placed at 

the tip of the terminal shoot of each sampled sapling. Open-sky P A R was measured in 1-

min intervals using a point P A R sensor (LI-190S A quantum sensor; L I - C O R Inc., 

Lincoln, Nebr.) connected to a LI-1000 datalogger (LI-COR Inc.), which was placed in an 

open area adjacent to each study site. With sensors placed side by side, P A R readings 

from the point sensor and the ceptometer were compared in a range over a 10-1500 u 

mol-m"2-s~'. The difference between the two instruments was less than 0.5%. The clocks 

of the ceptometer and datalogger were synchronized every morning prior to taking P A R 

measurements. The P A R associated with each sapling was estimated from the average of 

two measurements taken at a 9 0 ° angle. These measurements were taken twice during the 

day, from 09:30 to 11:30 and from 13:00 to 15:00, in an attempt to mitigate variation 

associated with solar elevation and sunflecks. 
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Absolute P A R values were converted to relative values as a measure of the light 

environment of sampled saplings using the percent of above-canopy light (PACL): 

[2.1] 100 

where A is the P A C L , <2, ' s the averaged P A R reading from the ceptometer, and Qo is the 

time-matched P A R reading from the datalogger. The P A C L values, one for the morning 

and one for the afternoon, were averaged to obtain a final P A C L value that represented 

the relative measure of light available to each sapling. 

Measurements of Terminal and Lateral Increment 

Terminal shoot length increment (TI, cm year"1) and lateral branch length increment (LI, 

cm year"1) of each sampled sapling were measured to the nearest 0.5 cm. These 

measurements were taken for the increment of the year 1992, since growth at the time of 

sampling had not yet ceased for the 1993 growing season. We assumed that the light 

environment for sampled saplings did not change during the two growing seasons. The 

measurements on laterals were taken only on the uppermost whorl. To eliminate the 

variation of lateral branch increment from individual lateral branches, up to three of the 

longest laterals were measured. Mean lateral increment (MLI, cm year"1) of each sapling 

was the average length of all measured laterals. Because there were generally fewer than 

three laterals for the saplings grown in low light conditions, the sum of all measured 

lateral length from each sapling was calculated as total lateral increment (TLI, cm year"1). 

Chapter 2, Page 11 



Measurements of Crown Architecture and Specific Leaf Area 

The ratio of mean lateral branch increment to terminal shoot increment (MLI/TI) and the 

ratio of total lateral branch increment to terminal shoot increment (TLI/TI) were used to 

describe crown architecture. 

The samples for specific leaf area (SLA, cm 2 g 1 ) were systematically taken from 

approximately 50 saplings along transect lines with the intention of achieving even 

distributed P A C L at each study site. Only well-expanded current-year needles (about 200 

for each subsampled lodgepole pine and 400 for each subsampled Douglas-fir sapling) 

from the laterals of the uppermost whorl were sampled. For S L A calculations, needles 

were removed from the branches; projected leaf area (cm2) was measured with a LI-3000 

leaf surface area meter (LI-COR, Inc.); and foliage samples were then dried at 6 5 ° C for 

24 hours and weighed to the nearest 0.01 g. 

Statistical Analysis 

To determine growth performance and crown architecture at full light, 60 open-grown 

saplings for each species were chosen, which consisted of 10 saplings with the highest 

P A C L s at each study site (Table 2.2-1). Analysis of variance ( A N O V A ) was used to test 

the differences in P A C L , TI, M L I , TLI , MLI/TI , and TLI/TI of open-grown saplings 

between study species using the following model: 

[2.2] Yuk = n + Spi + Sm + ek(ij) 

where is an observation for a particular dependent variable, \i is the overall mean of 

the dependent variable, Spi (i = 1, 2) is the categorical variable for species, Sj(i) (j = 1, 

2,..., 6) is the variation among study sites nested within each species, and £Jc(ij) represents 
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the sampling error within species and study sites. The variation S^z) is the experimental 

error to test the difference of the adjusted means of the two study species. 

To quantify responses of TI, M L I , and T L I to P A C L with consideration of the 

heterogeneous variance and exponential nature of the growth characters over light 

availability (Carter and Klinka 1992, Klinka et al. 1992, and Wang et al. 1994, Pacala et 

al. 1994), the biologically appropriate model was chosen by comparing the performance 

of the logistic growth model and the monomolecular model (Hunt 1982). Since the 

logistic growth model gave better fit for TI, M L I , and T L I in terms of explanation of 

variance by the regression, logistic transformation was used to achieve linearity and 

homogeneous variance: 

[2.3] l n ( - - l ) = b-cA 
y 

where Y is an observed growth character, b and c are parameters to be estimated, A is 

P A C L , and a is the regression asymptote for a particular character and represents the 

maximum potential growth. This value was calculated as the mean + 2 SDs of that 

character derived from the 60 open-grown saplings for each species (Table 2.1). Because 

of a number of zero observations in M L I and TLI , regression fitting in these characters 

was carried out by adding 1 to each observation. Raw data are graphically presented 

(Figures 2.1, 2.2, and 2.3). 

Since there were no apparent nonlinear responses of MLI/TI , TLI/TI, and S L A to 

P A C L , linear regressions were used to relate those characters to P A C L in the final 

analysis. 
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I tested for parallel regression slopes by testing interactions between the 

qualitative and quantitative variables (Neter et al. 1990, Kuehl 1994) using A N O V A for 

the covariance model as follows: 

[2.4] Yijk = u + P + Spi + Px Spi + Sjd) + P x Sj(o + Em]) 

where P is the quantitative variable P A C L as a covariate, PxSpi is the interaction 

between P A C L and species, and PxSj/f) is the variation of the interaction between P A C L 

and study sites nested within each species. This variation is the experimental error to test 

the interaction PxSp{. The other variables are as defined in equation. 2.2. 

Results , 

Open-grown Saplings 

A N O V A tests on open-grown saplings showed that TI, M L I , and T L I were significantly 

greater for lodgepole pine than for Douglas-fir (P < 0.05; Table 2.1), but M L I / T I and 

TLI/TI were not significantly different between the two species. 

Growth Reduction 

With decreasing P A C L , both study species had decreased TI, M L I , and T L I growth, but 

the effect on lodgepole pine was greater than it was on Douglas-fir (Table 2.2, Figures 2.1 

and 2.2). This species difference was highly significant for M L I and T L I , but not for TI 

(Table 2.2). Lodgepole pine required higher P A C L levels than Douglas-fir to obtain one-

half of the open-grown TI value (60% vs. 49%, broken lines in Figures 2.1 A and B), M L I 

value (58% vs. 29%, broken lines in Figures 2.1C and D), and T L I value (67% vs. 36%, 

broken lines in Figures 2.2A and B). 
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Table 2.1 General characteristics of open-grown saplings. Means and standard 
deviations of P A C L (%), terminal increment (TI), mean lateral increment (MLI), total 
lateral increment (TLI), ratio of mean lateral to terminal increment (MLI/TI), and ratio 
of total lateral to terminal increment (TLI/TI). Values in the same row with the same 
letter are not significantly different between two study species (P < 0.05) 

Character Lodgepole pine Douglas-fir 

Mean SD Mean SD 

P A C L ( % ) 84.8a 6.9 84.3a 11.7 

TI (cm) 33.8a 14.5 20.0b 9.0 

M L I (cm) 19.3a 7.6 11.8b 3.8 

T L I (cm) 56.9a 23.5 32.3b 11.6 

MLI /TI 0.6a 0.1 0.6a 0.2 

TLI/TI 1.7a 0.4 1.7a 0.5 
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Crown Architecture and Specific Leaf Area 

Changes in M L I / T I ratio and TLI/TI ratio with P A C L differed significantly between the 

two study species (Table 2.2). Decreasing light had no significant effect on the M L I / T I 

ratio in lodgepole pine (Figure 2.2C). In contrast, the M L I / T I ratio in Douglas-fir 

increased with decreasing P A C L (Figure 2D). The TLI/TI ratio was positively related to 

P A C L in lodgepole pine (Figure 2.3A), whereas in Douglas-fir, it was negatively related 

to P A C L (Figure 2.3B). 

Although S L A for both species increased with decreasing P A C L , Douglas-fir 

always had greater S L A than lodgepole pine (Table 2.2, Figures 2.3C and D). S L A 

increased with decreasing P A C L marginally faster in Douglas-fir than in lodgepole pine 

(Table 2.2, 0.1 < P <0.05; Figures 2.3C and D). 
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Table 2.2 Results of analysis of variance for terminal increment (TI), mean lateral increment (MLI), total lateral increment (TLI), ratio of 
mean lateral to terminal (MLI/TI), ratio of total lateral to terminal (TLI/TI), and specific leaf area (SLA). Differences are significant at P 
< 0.001 (***), P < 0.01 (**), P < 0.05 ( * ) , and P > 0.05 (ns) 

Source0 Growth and crown architecture S L A 

DF TI (loj I scale) MLI (log scale) TLI (lo g scale) MLI/TI TLI/TI DF 

MS F MS F MS F MS F MS F MS F 

p 1 809.5 1974*** 576.9 965*** 828.4 1134*** 7.43 79 4*** 0.01 0.01ns 1 742.2 77 o*** 

Sp(i) 1 42.14 7.36* 270.9 44 9*** 498.1 62.5*** 15.3 30.6*** 281.J 3 91 2*** 1 2566 4#*# 

Sj(i) 10 5.73 14.0 5.79 9.70 7.97 10.9 0.50 5.34 3.09 4.70 10 31.6 3.27 

PxSP(i) 1 3.76 0.87ns 52.45 10.16** 113.8 16.4** 5.75 18.4** 97.3 51 9*** 1 43.4 4.88ns 

PxSj(i) 10 4.34 10.6 5.16 8.61 6.94 9.50 0.31 3.34 1.88 2.86 10 8.90 0.924 

ek(ij) 1736 0.41 0.60 0.73 0.09 0.66 548 9.64 

" Sources are the same as in model [4], 
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Figure 2.1 Scattergrams and fitted regression lines of (A) terminal increment of 

lodgepole pine ( l n ( — -1) = 2.731 - 0.034x, n = 874, R2 =0.55, P < 0.001), (B) 
y 

38 
terminal increment of Douglas-fir (ln( 1) = 2.022 - 0.028x, n = 886, R2 = 0.54, P < 

y 
34.5 

0.001), (C) mean lateral increment of lodgepole pine (ln( 1) = 2.473 - 0.032x, n 
y + l 

= 874, R2 = 0.40, P < 0.001), and (D) mean lateral increment of Douglas-fir 

( l n ( - ^ -1) = 1.016 - 0.022x, n = 886, R2 = 0.37, P < 0.001) on P A C L . 
y + l 

Percent of above-canopy light (%) Percent of above-canopy light (%) 
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Figure 2.2 Scattergrams and fitted regression lines of (A) total lateral increment of 
1019 

lodgepole pine ( l n ( — - -1) = 3.574 - 0.044x, n = 874, R2 = 0.44, P < 0.001), (B) total 
y + l 

lateral increment of Douglas-fir ( l n ( - ^ - -1) = 1.408 - 0.22*, n = 886, R2 = 0.28, P < 
y + \ 

0.001), (C) the ratio of mean lateral to terminal increment of lodgepole pine 
(y = 0.656 - O.OOx, n = 874, R2 = 0.00, P = 0.798), and (D) the ratio of mean lateral to 
terminal increment of Douglas-fir (y = 1.040 - 0.006* ,n = 886, R2 = 0.17, P <0.001) 
on P A C L . 
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Figure 2.3 Scattergrams and fitted regression lines of (A) the ratio of total lateral to 
terminal increment of lodgepole pine (y = 0.886 + 0.0 Ix , n = 874, R2 = 0.09, P < 
0.001), (B) the ratio of total lateral to terminal increment of Douglas-fir 
(y = 2.535 -0.012* , n = 886, R2 = 0.08, P < 0.001), (C) specific leaf area of lodgepole 
pine (y = 33.1 - 0.04 l x , n = 295, R2 = 0.12, P < 0.001), and (D) specific leaf area of 
Douglas-fir (y = 43.1 - 0.093x, n =277, R2 =0.15, P < 0.001) on P A C L . 

Percent of above-canopy light (%) Percent of above-canopy light (%) 
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Discussion 

Characterization of the light environment of understory plants has long been a challenge 

to ecologists (Chazdon and Field 1987). The light environment in the forest understory is 

determined by altitude, elevation, meteorological conditions, and stand structure 

(Chazdon 1988; Canham et al. 1990; Pearcy 1990; Chazdon and Pearcy 1991; Smith and 

Ritters 1994). The understory light environment can vary seasonally and diurnally, and in 

three spatial dimensions determined by the presence of gaps and by the distances from the 

canopy and from neighboring stems. Under a uniform forest canopy, the photosynthetic 

photon flux density (PPFD) of the understory can increase or decrease 100-fold in 

seconds by the presence or absence of sunflecks (Chazdon and Pearcy 1991). Because of 

sunfleck activity, the light environment of an understory sapling can vary dramatically 

from one leaf to another. 

A number of methods to determine light environments for understory plants are 

available; e.g., area-survey techniques, instantaneous point sensor measurements, 

photographic techniques (reviewed by Chazdon 1988), the ozalid paper method 

(Emmingham and Waring 1973), and some modeling techniques. When these methods 

are applied, the light environment for an understory plant is quantified just by a single 

point or a few points for a period of a day, a growing season, or a year. In this study, we 

measured sapling light availability following the method of Carter and Klinka (1992), 

Klinka et al. (1992), and Wang et al. (1994). This method takes into account the spatial 

variation of light availability between individual leaves by using 80 light sensors along a 

probe; however, light measurements taken twice a day around noon can overestimate or 
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underestimate the light availability for understory saplings because sunfleck activity is 

most frequent during this period (Chazdon and Pearcy 1991; Koizumi and Oshima 1993). 

This limitation may be partly responsible for the large variation around the regression 

lines in Figs. 1, 2, and 3. Besides the imperfection in light determination on saplings, the 

large variation could also be caused by the differences in microsites of saplings and the 

absolute measures in growth characters instead of relative growth rates. 

Shade Tolerance and Growth Performance 

In open-light environments, less shade-tolerant lodgepole pine had a greater increment in 

terminal and lateral growth than more shade-tolerant interior Douglas-fir. Similar growth 

patterns have been reported on northern hardwood species (Walters et al. 1993; Pacala et 

al. 1994). Species growing quickly in high light tend to be less shade tolerant (Pacala et 

al. 1994). Shade-tolerant Acer saccharum Marsh, has a lower mass gain than shade-

intolerant Betula papyrifera Marsh, and Betula alleghaniensis Britton in high light 

environments (Walters et al. 1993). 

With decreasing light availability, both study species showed a significant decline 

in both terminal and lateral increments. Lateral growth reduction in lodgepole pine was 

significantly greater than in interior Douglas-fir, but terminal growth reduction was not 

significantly different between the two species. Although our study species were less 

shade-tolerant than Acer saccharum and Fagus grandifolia Ehrh. (Canham 1988), Tsuga 

heterophylla (Raf.) Sarg. and Thuja plicata Donn (Carter and Klinka 1992), or Abies 

amabilis (Dougl. ex Loud.) Dougl. ex J. Forbes and Abies lasiocarpa (Hook.) Nutt. 

(Klinka et al. 1992), differences we observed in the mode of growth reduction in relation 
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to shade tolerance are consistent with the results of several previous studies in temperate 

climates (Emmingham and Waring 1973; Canham 1988; Oliver and Dolph 1992; Carter 

and Klinka 1992; Klinka et al. 1992). However, Kitajima (1994), comparing seedlings of 

13 tropical tree species from germination to 2 months of age, reported that shade-tolerant 

species have lower relative mass growth rates than shade-intolerant species in both high 

(23% full sun) and low (2% full sun) light environments and negative relative growth 

rates occurred in the seedlings of shade-tolerant species grown in both low light and high 

light environments. 

Shade Tolerance and Plasticity of Crown Architecture and Specific Leaf Area 

Each species has a genetically inherent biomass allocation pattern (Tilman 1988). A 

species allocating more biomass to lateral branch growth has a greater ability to capture 

light in light-limiting environments (Oliver and Larson 1990). Some genetically inherent 

characters of a species may be plastic within a certain range in response to environmental 

changes. The plasticity of such a character in relation to light acclimation can be 

calculated as the range of its value between full light and low light conditions, divided by 

the corresponding value in full light (Ducrey 1992). 

Our study indicates that a more shade-tolerant species had a higher plasticity to 

acclimate to low light by changing the ratio of lateral increment to terminal increment. 

Although both study species had the same M L I / T I and TLI/TI ratios in full light (Table 

2.2-1), as light availability decreased, lateral shoots in Douglas-fir elongated more than 

terminal shoots (Figs. 2D and 3B), whereas lodgepole pine failed to change its allocation 

pattern (Figure 2.2D). Considering the TLI/TI ratio, lodgepole pine allocated more 
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growth to terminal shoots (Figure 2.3A) by reducing the number of branches in low light 

environments. Abies amabilis, a more shade-tolerant tree species compared with 

Douglas-fir and lodgepole pine, exhibits yet a higher plasticity by decreasing the ratio of 

relative height increment to relative lateral increment with decreasing light availability 

(Klinka et al. 1992). Similarly, Canham (1988) and Lei and Lechowicz (1990) showed 

that more shade-tolerant tree species have a higher ratio of lateral increment to terminal 

increment than less shade-tolerant species under closed canopies and in small canopy 

gaps. 

Specific leaf area (leaf area per unit of foliage biomass) is an important index of 

leaf structure (Chazdon and Kaufmann 1993), varies within and across species, and is 

highly correlated with light environment (Tucker and Emmingham 1977; Tucker et al. 

1987; Klinka et al. 1992). In our study, S L A of both study species increased with 

decreasing light availability. In more shade-tolerant Douglas-fir, it was always higher in 

any light conditions and had a higher plasticity than in the less shade-tolerant lodgepole 

pine. Similar results were obtained for 31 hardwood and softwood tree species in central 

Wisconsin (Abrams and Kubiske 1990). However, Ducrey (1992) reported that the S L A 

plasticity in seven tropical canopy species was not consistent with their shade tolerance. 

Daniel et al. (1979) defined shade tolerance of a tree species as the relative 

capacity to compete under low light conditions and high root competition for water and 

nutrient resources. A species can survive and maintain growth in a low light environment 

if the species has some advantages that provide high carbon gain and low energy cost. 

These advantages can be attributed to high efficiency in capturing limiting light resources 

through structural pattern such as biomass allocation, crown architecture, leaf distribution 
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pattern, and leaf structure; by higher light use efficiency in photosynthesis; by lower dark 

respiration; or by lower construction cost. These morphological and physiological 

characters may be fixed or plastic. Shade tolerance can not be explained only by 

plasticity of certain characters because (i) survival of some species in low light 

environments may be completely or partially attributed to their fixed advantages, such as 

in this study, where Douglas-fir always had higher specific leaf area than lodgepole pine 

and (ii) low plasticity in some characters may be compensated by high plasticity of other 

characters. For example, Chazdon and Kaufmann (1993) found that the more shade-

tolerant Piper arieianum has a higher plasticity to change its leaf structure but a lower 

plasticity to alter photosynthetic capacity than less shade-tolerant Piper sancti-felides. 

Furthermore, responses of tree species to different light environments vary with water and 

nutrient availability (Reed et al. 1983; Klinka et al. 1992; Lehto and Grace 1994). 

Conclusions 

With decreasing light availability, lodgepole pine showed a greater reduction in lateral 

increment than did Douglas-fir, but there were no significant differences in terminal 

growth. Both study species were able to change their crown architecture in terms of the 

TLI /TI ratio and S L A with the change in light availability. In low light, Douglas-fir 

allocated more growth to the laterals than to the terminal, whereas lodgepole pine 

allocated more growth to the terminal than to the laterals. Specific leaf area of Douglas-

fir was always higher and showed a greater plasticity than that of lodgepole pine. 

Douglas-fir was also more plastic than lodgepole pine in crown architecture in terms of 

the M L I / T I ratio. In a light-limiting environment, higher TLI/TI ratios and S L A in 
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Douglas-fir due to both fixed and plastic properties than in lodgepole pine are the 

evidence that Douglas-fir is more efficient in capturing limiting light resources. 
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Chapter 3 . LIGHT AVAILABILITY AND PHOTOSYNTHESIS OF 

PSEUDOTSUGA MENZIESII SEEDLINGS GROWN IN THE OPEN AND 

FOREST UNDERSTORY 

Introduction 

Photosynthetic acclimation to a changing light environment has been studied in some 

tropical shrubs (Chazdon 1988; Chazdon 1992; Chazdon and Kaufmann 1993), 

agricultural crops (Pons et al. 1992; Intrieri et al. 1995), herbs (Young and Smith 1980; 

Koizumi and Oshima 1993; Pearcy and Sims 1994; Pearcy et al. 1994; Sims and Pearcy 

1994), and broadleaf tree species (Ellsworth and Reich 1992; Kitajima 1994; Lehto and 

Grace 1994; Tang et al. 1994; Tinoco-Ojanguren and Pearcy 1995). In general, leaves of 

shade-acclimated plants have a lower dark respiration rate and a lower light-saturated 

photosynthetic rate (Amax) on a leaf area basis (Chazdon 1992; Chazdon and Kaufmann 

1993; Walters et al. 1993; Kitajima 1994; Lehto and Grace 1994; Sims and Pearcy 1994; 

Intrieri et al. 1995). Photosynthesis due to sunflecks for some understory species of 

tropical rain forests contributes up to 50% of the net carbon gain (Chazdon 1988; 

Chazdon and Pearcy 1991). Simulations of photosynthetically dynamic responses in 

controlled laboratory conditions indicate that shade plants have a higher light-use 

efficiency during sunflecks than sun plants as a result of a faster photosynthetic induction 

response and a higher contribution of post-illumination assimilation (Pons et al. 1992; 

Tang et al. 1994). Photosynthetic acclimation to sun and shade conditions in conifers, 

however, has not been well investigated (Brooks et al. 1994; Leverenz 1995; Stenberg et 
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al. 1995). Furthermore, few studies of light acclimation in relation to photosynthetic 

behavior have been done under natural light conditions (Young and Smith 1980; Chazdon 

1992; Ellsworth and Reich 1992; Chazdon and Kaufmann 1993) and much less is known 

about the dynamic responses of net photosynthesis related to light acclimation under field 

conditions. 

In central British Columbia, interior Douglas-fir (Pseudotsuga menziesii var. 

glauca (Beissn.) Franco) is considered a late-successional, moderately shade-tolerant tree 

species in montane forests and is capable of regenerating under its own canopy. The sun-

leaves are distributed around the branches in a whorled pattern, whereas the shade-leaves 

orient into a nearly horizontal plane. A previous study on naturally regenerated saplings 

showed that (i) specific leaf area increases and (ii) the ratio of the terminal shoot 

increment to lateral branch increment decreases with decreasing light availability 

(Chapter 2), suggesting that the plasticity of these characteristics may lead saplings to be 

more efficient in capturing light energy in a light-limiting environment. Whether 

Douglas-fir seedlings grown in a low light environment have lower dark respiration rate 

and higher photosynthetic light-use efficiency must be investigated to understand how 

this species can maintain vigorous growth in the forest understory. A higher light-use 

efficiency, if it exists, may be attributed to (i) faster induction responses and (ii) higher 

net photosynthetic rates at steady-light levels. 

The objectives of this study were: (i) to characterize the light environment in 

which seedlings were planted (in fact, where the branches were sampled), (ii) to examine 

the time-courses of photosynthetic induction responses to various irradiances in seedlings 

grown in open-light environments and the forest understory and, (iii) to determine 
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whether the photosynthetic light-use efficiency of understory-grown seedlings was higher 

than that of open-grown seedlings. 

Materials and Methods 

Study Site and Plant Materials 

The study site was located in the Dry Mi ld Interior Douglas-fir subzone (Meidinger and 

Pojar 1991), near Okanagan Falls, British Columbia (50°05 ' N , 119°40 ' W). This area 

receives an average of 600 mm total precipitation annually. The wettest month is June 

and the driest month is April. The mean temperatures for the coldest and the warmest 

months are -10.7 and 15.8 °C, respectively. The length of growing season is between 4 

and 5 months from late April to early September (Meidinger and Pojar 1991). 

One year-old container-grown P. menziesii seedlings of local origin were obtained 

from a local nursery and planted in a recent 2-ha clearcut and in the understory of an 

adjacent naturally regenerated, semi-open canopy, immature stand in April 1993. The 

stand composition was 70% interior Douglas-fir, 20% western larch (Larix occidentalis 

Nutt.), and 10% ponderosa pine (Pinus ponderosa Dougl. ex Laws.). The mean height of 

the stand was 15 m; the mean age of the canopy trees was 30 years; and the stand basal 

area was 15 m 2 per hectare. To minimize the substrate effect, all seedlings were planted 

in mineral soil. Based on the method described by Green and Klinka (1994), both the 

understory and the clearcut portion of the study site were considered to be moderately dry 

and of medium nitrogen availability. After 17 months, 16 seedlings (eight from the forest 

understory and eight from the clearcut) were randomly chosen for light measurements. 

Only the uppermost lateral branches with well-expanded current-year needles were 
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selected for light and gas exchange measurements. These branches were approximately 

25 to 35 centimeters above ground. To reduce the possible influence of soil water deficit, 

the root zones of sampled seedlings were maintained at field capacity by watering for 

three days before gas exchange measurements. 

Light Measurements 

Photosynthetic photon flux density (PPFD) at the center of the branches used for 

photosynthetic measurements was measured with a PPFD sensor (LI-190 S A quantum 

sensor) connected to a datalogger (LI-1000 datalogger; Lincoln, N E , U S A ) monitored at 

5-s intervals from before sunrise to after sunset. Another PPFD sensor and datalogger 

were placed in the center of the clearcut. The two datalogger clocks were synchronized 

before taking PPFD measurements. The PPFD sensors were placed side by side and 

compared over a PPFD range from 10 to 1500 umol m" s" . The readings from two 

sensors were found to differ less than 0.5%. The dataloggers were set to average 12 

P P F D recordings into a mean within each minute. A l l measurements were made under 

clear sky conditions from July 28 to August 15, 1994. Light availability for the branches 

of the open-grown seedlings was considered to be equivalent to the full light condition 

even if some self-shading from their terminal leaders might have occurred. 

Gas Exchange Measurements 

Gas exchange measurements were taken on a subset of five randomly chosen seedlings. 

These measurements were taken on attached lateral shoots (branches) in situ with an open 

portable photosynthesis system ( A D C L C A - 3 ) with a conifer cuvette (Analytical 

Development Company Ltd. (ADC), Herts, England) and an artificial light source in field 
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conditions under a tent. To reduce the seasonal variation in photosynthesis caused by 

needle aging (Brooks et al. 1994), gas exchange measurements were taken on the 

uppermost branches with current-year, well-expanded needles between August 8 to 

August 25, 1994. A n air mast ( A D C , Herts, England) was used to take air outside the 

tent at a height of 1.2 m to reduce the variation in intake CO2 concentration. At a flow 

3 i 

rate of 300 cm min" through the cuvette, the time taken for the system to detect 95% of a 

step change in vapor pressure and CO2 concentration in the cuvette was approximately 35 

seconds. The light source consisted of four 20-W, 12-V tungsten-halogen lamps arranged 

in a 2x2 arrangement to provide a uniform PPFD in the conifer cuvette. The conifer 

cuvette and light source were fixed to a stand such that the light source could be adjusted 

to achieve different PPFDs. The light source was powered by a 12-V lead-acid car 

battery which, when fully charged, provided a PPFD of up to 2000 |imol-m"2-s"' at the leaf 

surface. In practice, the light source was used to provide PPFDs from 50 to 1800 p, 

mol-m"2-s_1 within less than 5% variation of a designated PPFD. The tent and additional 

black cloth screened out most natural light. The beams of all designated PPFDs were 

arranged at a 9 0 ° angle to incline on the top of the measured branch shoot (Smolander et 

al. 1987). 

After sunset on the day before measurements, one seedling was alternately 

selected from the forest understory or the clearcut and covered by a dark plastic can with 

several small holes to allow air exchange but to prevent the seedling from being affected 

by diffuse light in early morning. The photosynthesis system was adjusted for conditions 

at the study site before gas exchange measurements were taken every morning. Gas 

exchange measurements were taken at every 20 s from before sunrise (0515 ± 10) to 1000 
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h avoiding the more extreme variation in air temperature, ambient humidity, and soil 

water conditions occurring later in the day. Dark respiration rates were measured at 0515 

± 0015 h. Photosynthetic induction responses at 200 and 500 umol-m~2-s_1 were 

alternately taken after the branch was completely induced at a PPFD of 500 umol-m'^s"1 

and then controlled to receive a PPFD of 50 umol - r n V 1 for 10 min. A light-response 

curve for the branch was constructed following stepwise PPFD increases until 

photoinhibition occurred. After gas exchange measurements, the branch was removed 

and stored in a portable cooler. Later that day, the needles of the branch were stripped off 

and the total one-sided projected leaf area was measured with a LI-3100 area meter 

(Lincoln, N E , USA) . The needles were then dried at 65 °C for 24 hours to determine 

their dry mass. 

During the gas exchange measurements, ambient CO2 concentration, temperature, 

and relative humidity were monitored by the photosynthesis system. The ambient 

conditions varied from early morning to 10:00 h as follows: C 0 2 concentration decreased 

from 370 ± 10 to 350 ± 10 ppm; air temperature increased from 12 ± 2 to 22 ± 3 °C; and 

relative humidity decreased from 65 ± 10 to 50 ± 10 %. The rates of the increase in air 

temperature and the decrease in relative humidity in the forest understory were slower 

than those in the clearcut. 

Computations 

Direct radiation in the forest understory was subjectively defined as the amount of PPFD 

( 2 ) greater than 50 umol-m^s"1 (Chazdon and Pearcy 1991; Koizumi and Oshima 1993; 

Tang et al. 1994). The sunfleck contribution was calculated as 
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J '(Q-50)dt 

[3.1] sunfleck contribution = —L-j. 
f "Qdt 
JTR 

where 9 is the PPFD, if Q < 50, then let (Q -50) equal zero, Tr is the time for sunrise 

where the PPFD reading of the open sensor was > 1 umol-m^s"1, and Ts is the time for 

sunset where the PPFD reading of the open sensor was < 1 u m o l m ^ s 1 . 

Photosynthetic induction state (IST, normalized net photosynthetic rate) was based 

on Chazdon and Pearcy (1986): 

P - P 

[3.2] IS. % = — — x 100% 
P - P 

HH n L 

where P n t is the net photosynthetic rate at time t, Pni is the steady-state assimilation rate at 

50 p,mol-m"2-s_1, and PNH is the steady-state net photosynthetic rate at either 200 or 500 p, 
2 1 

mol-m" -s" . PHL and PNH were each averaged from five readings to reduce the signal noise 

in the measurement system. 

Light-response curves for both understory- and open-grown seedlings were fitted 

to rectangular hyperbola equations (Long and Hallgren 1993) by using the actual PPFD 

readings from the conifer cuvette. When photoinhibition occurred at a PPFD, the 

measurements were deleted from final analysis. One-tailed Student's r-test was used to 

test the difference between the means of the open- and understory-grown seedlings. 
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Results 

Light Availability 

The branches of the open-grown seedlings received a mean PPFD of 702.5 umol-m"2-s"' 

and a mean daily PPFD of 40.5 mol-m"2-day~', whereas those of the understory-grown 

seedlings received a mean PPFD of 52 umol-m^s 1 and a mean daily PPFD of 2.8 molm" 

•day" (Table 3.1). The branches of understory-grown seedlings obtained a mean of 7.4% 

of full sun P P F D and sunflecks contributed 32.4% of the daily photon flux received by 

the branches (Table 3.1). The representative daily course of PPFD in the forest 

understory and the open is given in Figure 3.1. 

The light environment varied greatly among the measured branches from different 

understory seedlings. Mean PPFD ranged from 18.4 to 85 u.mol-m"2s"'. Mean daily 

P P F D varied from 1.1 to 4.6 molm^day" 1. The percent of full sun PPFD had a range of 

3 to 12%. The daily accumulated amount of time branches received a PPFD above 500 u 

2 1 

mol-m" -s" ranged from 0 to 31 minutes (or 0 to 3.2% of the day length). The daily 

cumulated amount of time branches received a PPFD above 200 umol-m^s - 1 varied from 

0 to 83 minutes (0 to 8.7% of the day). The daily cumulated amount of time branches 

received direct radiation varied from 44 to 485 minutes (4.6 to 50% of the day). The peak 

PPFDs due to sunflecks varied from 170 to 1120 umol-rn^s 1 , and sunflecks contributed 

between 6.8 to 58.9% of the total photosynthetically available energy. 
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Figure 3.1 Representative daily course of light availability for a seedling branch in the 
forest understory and in the open. Measurements were taken on August 2, 1994. 
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Table 3.1 Light conditions for the open and for branches in the forest understory. Values 
are means and standard deviations (n = 8). Direct radiation is defined as P P F D 

-2 -1 
readings greater than 50 umol m" s" . 

Open Understory 

Mean PPFD (umol-m 2 -s 1 ) 702.5 ± 20.4 52.0 ± 28.7 

Mean daily PPFD (mol-m~2-day1) ' 40.5 ± 1.2 2.8 ± 1.5 

Percent of value in the open 100 7.4 ± 4 . 1 

Mean daily duration for PPFD > 500 umol-m"2s"' 559.1 ± 13.0 8.5 ± 15.1 

(min) 

Mean daily duration for PPFD > 200 umol-m^s - 1 700.7 ± 37.3 31.5 ± 3 6 . 1 

(min) 

Mean daily duration of direct radiation (min) 803.3 ± 4 0 . 8 270.3 ± 189.3 

Percent of time > 500 umolm"2-s"' 57.6 ± 2 . 5 0.94 ± 1.7 

2 1 

Percent of time > 200 umol-m" -s~ 72.4 ± 1.0 3.5 ± 4 . 0 

9 1 
Percent of time > 50 umol-m" -s" 84.2 ± 3 . 8 28.2 ± 19.7 

Percent of daily PPFD due to sunflecks — 32.4 ± 22.0 

Dynamic Photosynthetic Induction Response 

The initial increases in net photosynthetic rate of open-grown branches were greater than 

-9 - 1 

those of understory-grown branches at PPFDs of both 500 and 200 umol-m" s" following 

a 10-min period at a PPFD of 50 umol-m"2-s_1 (Figures 3.2a and 3.3a), but the understory-

grown branches showed a faster induction response than the open-grown branches 
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(Figures 3.2b and 3.3b, Table 3.2). When a PPFD of 500 umol -m ' V 1 was applied, the 

mean time required to reach 50 and 90% of the steady-state photosynthetic rate for the 

understory-grown branches was 85 and 200 s, respectively; whereas the time for the 

open-grown branches was 99 and 304 s, respectively (Figure 3.2b, Table 3.2). When a 

2 1 

P P F D of 200 (imol-m" -s" was applied, the mean time required to reach the 50 and 90% 

induction state for understory-grown branches was 63 and 173 s, respectively; whereas 

the time for the open-grown branches was 81 and 162 s, respectively (Figure 3.3b, Table 

3.2). 

Table 3.2 Means and standard errors for the means of the time (s) required to reach 50 
and 90% induction state for open- and understory-grown seedling branches. Values 
with the same superscript are not significantly different at the same induction state 
between open- and understory-grown branches (P < 0.05). 

50% 90% 

Open Understory Open Understory 

Induced at 500 pimol-m^-s"1 99 ± 12.5a 85 ± 11.5a 304 ± 45.3 a 200 ± 15.5b 

Induced at 200 pimolm^-s"1 81 ± 5 . 6 a 63 ± 5.2b 1 6 2 ± 5 . 0 a 173 ± 17.6a 
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Figure 3.2 (a) Net photosynthetic rate (Pn) and (b) induction response to a step change 
from a 10-min PPFD of 50 umolm^s"1 to a PPFD of 500 umol-m'V1 at time 0 for 
open-grown branches (closed circles) and understory-grown branches (open circles). 
Each point is the mean (+ standard error for the mean, SEM) of one measurement from 
each of five different seedlings. 
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Figure 3.3 (a) Net photosynthetic rate (Pn) and (b) induction response to a step change 
from a 10-min PPFD of 50 umol-mV1 to a PPFD of 200 u m o l m V at time 0 for 
open-grown branches (closed circles) and understory branches (open circles). Each 
point is the mean (+ standard error for the mean, SEM) of one measurement from each 
of five different seedlings. 
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Both understory- and open-grown branches were slower to reach full induction 

when a PPFD of 500 ixmol-m"2^"1 was applied than when a PPFD of 200 p,mol-m"2-s"' was 

applied (Figures 3.2b and 3.3b, Table 3.2). The times required to reach the 100% 

induction state at a PPFD of 500 |imol-m"2-s"' were 300 and 500 s for the understory- and 

open-grown branches, respectively. In contrast, when a PPFD of 200 pjnol-m~2-s~' was 

applied, the time was 240 s for both understory- and open-grown branches to reach the 

100% induction state. 

Light-response Curves 

The understory- and open-grown branches had different net photosynthetic responses to 

steady-state PPFDs (Figures 3.4a and 3.4b). When net photosynthetic rate was calculated 

on a projected leaf area basis (Figure 3.4a), the understory-grown branches had a 

significantly lower dark respiration rate (0.44 ± 0.01 pLmol-m"2-s"' for understory-grown 

-2 -1 

branches and 0.77 ± 0.03 jimol-m" -s" for open-grown branches), higher net 

photosynthetic rate at the PPFD of 50 urnol-m"2^"1, and lower net photosynthetic rates at 

the PPFDs higher than 350 umol-m"2^"1 than the open-grown branches (P < 0.05). At the 

PPFDs of 200 and 350 umol-m^-s"1, however, there was no difference in net 

photosynthetic rates between the understory- and open-grown branches. A positive net 
2 1 

photosynthetic rate at the PPFD of 50 pimolm" -s" for the understory-grown branches 

(0.23 ± 0.02 Limol-m"2 s"1) showed that the light compensation point for these branches 

was at a lower irradiance. In contrast, a negative net photosynthetic rate at the PPFD of 

50 umol-m" s" for open-grown branches (-0.11 ± 0.07 urnolm" -s" ) indicated that the 

light compensation point of the open-grown branches was at a higher irradiance. At a 
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P P F D of 500 umol-m"2^"1, the understory-grown branches reached 90% of their light-

saturated net photosynthetic rate, but even at a PPFD of 1000 umol-m"2^"1, the open-

grown branches had a net photosynthetic rate less than 90% of their light-saturated rate. 

At super-saturating PPFD, photosynthetic rates decreased, suggesting the onset of 

photoinhibition (not shown). The threshold PPFD for photoinhibition of understory-

grown branches varied from 800 to 1400 umol-m'^s"1, whereas open-grown branches did 

not show a similar decline in photosynthetic rate until the PPFD reached 1800 umolm"2-s 

I 

Differences between the understory- and open-grown branches were not as 

pronounced when data were expressed on a leaf mass basis (Figure 3.4b). There were no 

significant differences in dark respiration rates between the understory- and open-grown 

branches (P = 0.33). This rate for open- and understory-grown branches was 3.8 ± 0 . 1 8 

and 3.5 ± 0.19 nmol-g"'-s"1, respectively. The net photosynthetic rates of the understory-

grown branches were significantly higher than those of the open-grown branches at the 

PPFDs of 50 and 200 umol-m"2s"' (P < 0.05), but there was no statistical difference in 

these rates at PPFD equal to or higher than 350 umol-m"2^"1 (P > 0.05). 
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Figure 3.4 Photosynthetic light-response curves for open-grown branches (closed circles) 

and understory-grown branches (open circles): (a) net photosynthetic rate (Pn) on a 

projected leaf area basis for open-grown branches (Y = (9.36 x x) I (522.9 + x), R 2 = 

0.86) and understory-grown branches ( 7 = (5.21 x x) / (281.1 + x ) , R 2 =0.81)and (b) net 

photosynthetic rate (Pn) on a dry needle mass basis for open-grown branches 

( Y = (42.1 x x) / (467.6 + x ) , R 2 = 0.87) and understory-grown branches 

(Y - (40.2 x x) / (255.4 + x ) , R 2 =0.88). Each point is the mean of five continuously 

steady measurements from each individual branch. 
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Discussion 

Understory Light AvaUability 

The understory-grown branches received a mean daily PPFD of 2.8 mol-m"2-day"', 

equivalent to 7.4% full sun with sunflecks contributing 32.4% of the total daily P P F D 

(Table 3.1). This light availability under the forest canopy was higher than has been 

reported for low latitude conifer forests and tropical rain forests (Chazdon 1988; Canham 

et al. 1990). This is not surprising because the light availability in forest understory 

depends on the density, height, and structure of the overstory canopy that are further 

determined by the canopy tree species composition, age, and site quality variables, such 

as water and nutrient supply (Chazdon and Pearcy 1991). The contribution of sunflecks 

to the daily P P F D in this study stand is similar to that found under a montane red spruce-

balsam fir forest in the Appalachian Mountains of the eastern United States (Canham et 

al. 1990). 

Light availability and sunfleck duration and intensity within the stand varied 

greatly from one branch to another from different seedlings. Similar results were reported 

for the understory light environments beneath tropical rain forests (Chazdon 1986). This 

spatial variability depends on the distances from gaps (Canham et al. 1990; Chazdon and 

Pearcy 1991) and is also attributed to the "clumping" effect of overstory leaves (Chen and 

Black 1992; Baldocchi and Collineau 1994). Diffuse and direct components were not 

separately measured in this study; instead, a PPFD of 50 pmol-m^s"1 was used to 

discriminate between diffuse light and direct light (e.g., Chazdon 1986; Koizumi and 
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Oshima 1993). However, not only the direct component but also the diffuse component 

may vary spatially and diurnally within a forest stand (Black et al. 1991). 

Dynamic and Steady-state Photosynthesis 

P. menziesii seedlings were able to photosynthetically acclimate to their light 

environments in field conditions. The induction responses to PPFD changes were quicker 

in the understory-grown branches than those in the open-grown branches. This mode is 

consistent with studies done in a tropical forest (Kiippers et al. 1996) and in controlled 

environments on some broadleaf plants (Pons and Pearcy 1992; Tang et al. 1994). The 

photosynthetic induction responses of P. menziesii branches tended to be faster than in 

Quercus serrata (Tang et al. 1994) but shorter than in desiccation-tolerant Polypodium 

virginianum (Gildner and Larson 1992). However, the time requirement to reach full 

induction varies from one species to another (Chazdon 1988) and greatly depends on (i) 

the length of the period and the PPFD of the low light condition (Pons et al. 1992; 

Whitehead and Teskey 1995) and (ii) other ecological factors such as water status. Under 

field conditions, photosynthetic induction responses tend to be faster than in the 

laboratory (Gildner and Larson 1992) and water-stressed plants need less time to reach 

their maximum stomatal conductance than unstressed plants (Tinoco-Ojanguren and 

Pearcy 1993; Barradas et al. 1994). In this study, we also found the time to reach the full 

induction state depended on the PPFD used for induction. When a higher PPFD was 

applied, a longer time was required for both understory and open-grown P. menziesii 

branches to reach full induction. 

Chapter 3, Page 44 



Acclimation of dark respiration under sun versus shade conditions has been 

studied at the leaf and whole plant level (Bjorkman 1981; Chazdon and Kaufmann 1993, 

Lehto and Grace 1994; Sims and Pearcy 1994; Intrieri et al. 1995; Tinoco-Ojanguren and 

Pearcy 1995). Plants acclimated to low light environments have lower dark respiration 

rates when expressed on a unit leaf area basis. Similarly, in this study, the understory-

grown branches of P. menziesii had a lower dark respiration rate per unit of leaf area than 

the open-grown branches. However, on a dry leaf mass basis, the dark respiration rates 

did not differ between the understory- and open-grown branches. 

Photosynthetic rates per unit leaf area of the understory-grown branches were 

higher at low PPFDs but lower at high PPFDs than of the open-grown branches; i.e., the 

understory-grown branches were photosynthetically more efficient at low PPFDs but less 

efficient at high PPFDs (Leverenz 1995). Based on per unit dry leaf mass, net 

photosynthetic light-use efficiency in the understory-grown branches was equal to or 

higher at all PPFDs except the PPFDs at which the branches were photoinhibited. This 

pattern has also been observed in some species at the leaf and whole plant levels 

(Bjorkman 1981; Sims and Pearcy 1994; Leverenz 1995). Plants grown in low light 

environments have no disadvantage in terms of carbon gain per unit dry mass unless 

photoinhibited. 

There are qualitative and quantitative differences in the light response among 

individual needles, shoots, and whole plants (Pearcy and Sims 1994; Leverenz 1995; 

Stenberg et al. 1995). This study describes the dynamic and steady-state photosynthetic 

-behavior of P. menziesii at the lateral shoot level, which integrates the photosynthesis of 

needles and the structural factor of needle distribution. However, photosynthetic 
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behavior at the individual needle and whole plant levels are not clear. Moreover, 

computer simulations of dynamic and steady-state photosynthesis in relation to natural 

light regimes in P. menziesii seedlings may be needed to understand the daily and 

seasonal carbon balance and relative importance of dynamic and steady-state 

photosynthetic plasticity. 

Conclusions 

The open-grown branches had a daily mean photosynthetic photon flux density (PPFD) of 

702.5 p.mol-m"2-s_1 and the understory-grown branches received a daily mean PPFD of 

52.0 pmol-m^-s1. Mean daily durations for PPFD readings over 500, 200, and 50 p, 

mol-m^s"1 on the understory-grown branches were 8.5, 31.5, and 270.3 minutes, 

respectively; whereas those durations for open-grown seedlings were 559.1, 700.7, and 

803.3 minutes. Sunflecks on understory branches contributed 32.4% of total daily 

photosynthetically available energy. When a PPFD of 200 or 500 pmol-m"2-s_1 was 

applied following a 10-min period at a PPFD of 50 umol-m^-s"1, induction times required 

to reach 50 and 90% of steady-state net photosynthetic rates in the understory-grown 

branches were shorter than those of open-grown branches. Induction responses to a 

P P F D of 500 u.mol-m^-s"1 were slower than those to a PPFD of 200 Limol-m"2s"' on both 

understory- and open-growth branches. On a per unit leaf area basis, understory-grown 

branches had a lower dark respiration rate and higher net photosynthetic rates at low 

PPFDs, but lower net photosynthetic rates at high PPFDs than open-grown branches. 

However, on a dry leaf mass basis, there were no differences in dark respiration rates 

between the understory-grown branches and open-grown branches, but net photosynthetic 

rates of the understory-grown branches were equal to or higher than those of the open-

grown branches at all PPFDs. 
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Chapter 4 . SURVIVAL, GROWTH, AND ALLOMETRY OF PLANTED LARIX 

OCCIDENTALS SEEDLINGS IN RELATION TO LIGHT AVAILABILITY 

Introduction 

Growth and survival of tree species in relation to light availability have been widely 

studied in natural environments (Emmingham and Waring 1973; Lorimer 1981; Lorimer 

1983; Canham 1988; Carter and Klinka 1992; Klinka et al. 1992; Pacala et al. 1994; Kobe 

et al. 1995; Messier and Puttonen 1995; see Chapter 2) and in controlled or semi-

controlled conditions (Sasaki and Mori 1981; Walters et al. 1993; Madsen 1994; Kitajima 

1994; Aston 1995; McKee 1995; Walters and Reich 1996). Survival of naturally 

established saplings has been monitored (19 years) in permanent plots (Lorimer 1983) or 

estimated from recent growth performance by applying modeling techniques (Kobe et al. 

1995). The modeling was based on assumptions that diameter and height growth provide 

an integrated measure of whole-plant carbon balance, and that carbon balance is the 

unique cause of mortality (Kobe et al. 1995). Measures of growth based only on the 

above-ground component (e.g., diameter, height, branch, and shoot biomass) and the 

unknown life history of naturally established seedlings, however, impose constraints to 

the studies of growth responses to light availability (Wang et al. 1994; see Chapter 2). 

Studies in controlled environments have greatly improved the understanding of the 

mechanisms involved with light acclimation in physiological and morphological 

characteristics, but their practical applications are limited. Few studies have been carried 

out using planted seedlings under natural environments across a wide range of light 

conditions (e.g., Wang et al. 1994). Such studies are gaining importance because 
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understanding growth response to a variety of light conditions is required for successful 

regeneration across the full spectrum of silvicultural systems (Comeau et al. 1993; Wang 

et al. 1994; Mitchell and Arnott 1995). 

Because of changes in light environments, plants exhibit plastic responses in 

morphological and physiological properties at the leaf, branch, or whole-plant levels 

(Canham 1988; Givnish 1988; Wilson 1988; King 1991a; Wang et al. 1994; Gower et al. 

1995; McKee 1995; Messier and Puttonen 1995; Tremmel and Bazzaz 1995; see 

Chapters 2 and 3). Generally, shade-tolerant species develop thinner leaves and have 

higher height-to-diameter and shoot-to-root ratios in response to decreasing light 

availability; however, the pattern of biomass allocation in woody plants, especially 

conifers, in relation to the light environment has been inadequately examined (Gower et 

al. 1995). Furthermore, several studies on the effect of light on biomass allocation in tree 

species have been confounded by the size of study seedlings (Givnish 1988; Wilson 1988; 

Wang etal. 1994). 

Western larch (Larix occidentalis Nutt.) is a very shade-intolerant species and an 

important component of the montane forest of western North America (Daniel et al. 

1979; Schmidt and Shearer 1990; Gower and Richards 1990). In southeastern British 

Columbia, it occurs naturally in a cool-temperate climate (summer-dry Interior Douglas-

fir and Montane Spruce zones and wet summer Interior Cedar-Hemlock zone). It also 

occurs marginally in a subalpine boreal climate (Engelman Spruce-Subalpine Fir zone) 

(Meidinger and Pojar 1991). Western larch is capable of naturally regenerating in partial 

shade conditions (Schmidt and Shearer 1990; Fiedler 1995); however, how this very 
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shade-intolerant, deciduous conifer responds to variety of light environments remains 

uncertain. 

In this study, our objectives were to address three questions: 1) How does survival 

of western larch seedlings vary with light availability and seedling development stage? 2) 

How do different growth parameters (base diameter, height, and biomass components) 

change in response to light availability? and 3) Are there any changes in allometry and 

specific leaf area with the change in light availability? The ratios of height to base 

diameter and above-ground to below-ground biomass were studied to quantify the 

allometric characteristics. 

Materials and Methods 

Study Sites and Seedlings 

Three study sites were located near Okanagan Falls, British Columbia (Table 4.1). The 

study sites were within 1' latitude from each other ( 5 0 ° 0 5 ' N , 1 1 9 ° 4 0 ' W ) and on flat 

terrain. The study area receives an average of 700 mm total precipitation annually. The 

annual mean temperature is 4 ° C and the mean temperatures for the coldest month 

(January) and warmest month (July) are - 1 1 ° C and 15°C, respectively (Meidinger and 

Pojar 1991). Two study sites (site 1 and 2) were within the Interior Douglas-fir zone and 

one site (site 3) was within the Montane Spruce zone (Meidinger and Pojar 1991). A l l 

study sites had the same soil type - Dystric Brunisol (Canada Soil Survey Committee 

1987). The soil moisture and nutrient availability of study sites were identified according 
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Table 4.1 General characteristics of study sites and stands located in central British 
Columbia. 

Site Site 2 Site 3 

Elevation (m) 

Slope (%) 

Aspect 

Biogeoclimatic 
subzone 

Soil moisture regime 

Soil nutrient regime 

Stand age (yrs) 

Stand composition 

850 

10 

N E 

IDFxh 

Very dry 

Medium 

35 

1250 

7 

W 

IDFdm 

Moderately dry 

Medium 

55 

1525 

20 

S W 

M S d m 

Slightly dry 

Medium 

50 

20% Larix 30% Larix 20% Larix 
occidentalis, 70% occidentalis and occidentalis, 20% 
Pseudotsuga 70% Pinus contorta Populus 
menziesii, and 10% tremuloides, and 
Pinus ponderosa 60% Pinus contorta 

* IDFxh - Very Dry Hot Interior Douglas-fir subzone; IDFdm - Dry Mild Interior Douglas-fir subzone; MSdm - Dry 
Mild Montane Spruce subzone (Meidinger and Pojar 1991). 
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to the procedure described by Green and Klinka (1994). Each study site included a 

portion of a clearcut and an adjacent forest stand. The area of these clearcuts ranged from 

2 to 10 hectares, and logging occurred between 1986 and 1990. Concurrently, the edge of 

the adjacent stand was selectively cut resulting in different sizes of gaps providing a 

variety of light availability in their understories. 

In April 1993, 1500 one-year-old, container-grown (PSB 313A, Van Eerden and 

Gates 1990) western larch seedlings of the same local origin were obtained from a nearby 

nursery (Pacific Regeneration Technology, Ltd., Vernon, British Columbia). Before 

planting, 15 seedlings were randomly selected to determine initial base diameter, height, 

specific leaf area, and biomass components (Table 4.2). The 'best' prediction models for 

biomass components from height and base diameter were constructed following the 

procedure of Neter et al. (1996) (Table 4.3). At each study site, approximately 500 

seedlings were planted at least 1.5 m apart in irregularly spaced transects extending from 

60 m inside the clearcut, through the stand edge, to about 60 m inside the adjacent stand. 

A l l seedlings were planted in mineral soil, staked, numbered, and measured for height 

and base diameter. The surrounding herbs and shrubs within 1 m diameter from the 

planted seedling were removed immediately after planting and twice each year (in May 

and June) for 3 years. 

Light Measurements 

Light availability for each seedling was determined during the second growing season 

following the procedure described in Chen et al. (1996); we assumed that canopy 

transmittance did not change during three growing seasons from 1993 to 1995. Light 
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measurements were taken between July 2 and July 25 in 1994 under clear sky conditions, 

which are common in these dry continental ecosystems. 

Table 4.2 General characteristics of subsampled seedlings prior to planting in April 1993 
(n = 15). H is height, D is base diameter, AB is above-ground biomass (g), BB is 
below-ground biomass (g), TB is total biomass (g), and S L A is specific leaf area. 

H D AB BB TB AB/BB SLA 

(cm) (mm) (g) (g) (g) (cm 2 g"1) 

Mean 30.5 3.43 1.455 0.653 2.108 2.224 62.4 

Minimum 18.5 2.33 0.540 0.350 0.890 1.543 73.5 

Maximum 45.7 4.75 2.930 1.230 4.160 3.024 48.6 

Table 4.3 Relationship between initial biomass components (g), height (H, cm) and base 
diameter (D, mm) in seedlings (n = 15). Abbreviations as in Table 4.2; R 2 is coefficient 
of determination; and S E E is standard error of estimate. 

Equation R 2 S E E (g) 

[4.1] TB = -2.208 + 0.089 x # +0.468 x D 0.921 0.23 

[4.2] AB = -0.590 + 0.024 x H + 0.148 x D 0.866 0.09 

[4.3] BB = -1.618 + 0.065 x # +0.320 x D 0.915 0.17 
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Survival and Growth Measurements 

Planted seedlings were grown for three years. Every August, seedlings were examined 

for survival, dieback, pathological symptoms, foliage chlorosis, and other symptoms of 

damage or injury such as browsing. During the third growing season before leaf fall in 

August 1995, 20 seedlings, if available, were randomly harvested from all surviving 

seedlings (without any history of damage) in each of the five P A C L classes (I, < 20%; II, 

20.1 - 40%; IE, 40.1 - 60%; IV, 60.1 - 80%; and V , > 80%) on each study site. 

Destructive sampling was used to determine above- and below-ground biomass 

and specific leaf area. After marking the position of contact with the ground surface on 

the seedling stem and measuring total height (H) and base diameter (D), the selected 

seedlings, together with a large volume of soil containing all roots, were carefully 

excavated. Much of the soil was separated from the roots by gentle shaking. After 

excavation, the seedlings were partitioned into above- and below-ground components 

and leaf samples were taken from uppermost branches, stored in a portable cooler, and 

maintained at a temperature about 0 ° C . A l l samples were put in paper bags and 

transported to the laboratory within three days. The remainder of the soil on the roots 

was washed out and the samples were stored at a temperature of 0 ° C in the laboratory. 

The one-sided projected leaf area of fresh foliar samples was averaged from two 

measurements using a L I - C O R 3100 leaf area meter ( L I - C O R Inc., Lincoln, Nebr.). The 

biomass components were oven dried at 7 0 ° C for 48 to 72 h and then weighed. 
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Calculations and Statistical Analysis 

Probability of survival was calculated for each of ten P A C L classes (< 10%, 10.1 -20%, 

20.1 - 30%, 30.1 - 40%, 40.1 - 50%, 50.1 - 60%, 60.1 - 70%, 70.1 - 80%, 80.1 -90% 

and > 90%) as the proportion of seedlings that survived. To eliminate the factors other 

than light that might cause mortality, seedlings with signs of previous damage (e.g., 

dieback, pathological symptoms, foliage chlorosis, and browsing) were not included in 

calculations of accumulated survival for the end of the second and third growing seasons. 

Initial biomass components (above-ground biomass, A B ; below-ground biomass, 

B B ; and total biomass, TB) for each sampled seedling were estimated according to the 

equations in Table 4.3. Relative growth rate (RGR) of all growth characteristics for the 

period of three growing seasons, i.e., relative base diameter growth rate (RD, mm-mm" 

'•3yrs"'), relative height growth rate (RH, cm-cirf'-Syrs"'), relative above-ground biomass 

growth rate (RAB, g-g"'-3yrs"'), relative below-ground biomass growth rate (RBB, gg" 

'•3yrs~'), and relative total biomass growth rate (RTB, g-g"'-3yrs"') for each sampled 

seedling, were calculated following Hunt (1982). The ratios of height to base diameter 

(H/D) and above-ground biomass to below-ground biomass (AB/BB) of the harvested 

seedlings at the end of the third growing season were calculated to evaluate allometric 

patterns. 

To describe responses of growth (RD, R H , R A B , R B B , and R T B ) , allometric 

traits (ratios of H / D and A B / B B ) , and specific leaf area (SLA) to P A C L , the regression 

with the 'best' fit for each characteristic was chosen from linear and nonlinear forms 

through ordinary least-square or least mean square of error fit (Hunt 1982; Chatterjee and 
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Price 1991; Neter et al. 1996). The 'best' fit regression model for a given characteristic 

was chosen by fitting original values of all observations from three sites. 

In order to test the response of a given characteristic to P A C L , transformation 

according to the 'best' fit regression form was applied to achieve linearity and 

homoscedasticity if the response was nonlinear. The general linear model of analysis of 

variance used to test the effect of P A C L on growth and leaf characteristics (RD, R H , 

R A B , R B B , R T B , and S L A ) was: 

[4.4] YUk=n + P,+SJ+PxSij+SEklU) 

where is an observation for a particular dependent variable, p, is the overall mean of 

the dependent variable, Pi is the quantitative variable P A C L , Sj is the random site effect 

(Benington and Thayne 1994), PxSfj is the interaction between P A C L and site, and 

SE^ijj represents the sampling error within P A C L and study sites. PxSij is the 

experimental error to test the P A C L effect. 

In order to account for the effect of differences in seedling size, total seedling 

biomass at the end of the third growing season was included when testing for effects of 

P A C L on allometry (H/D and A B / B B ) as 

[4.5] Yijk =n + Pl+Sj+Px Sij +TB + SEm 

where Y^, \i, Pi, Sj, PxSfj, and SE^ijj are the same as in equation [4.4], and TB is the 

total biomass of each sampled seedling at the end of the third growing season. 
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Results 

Survival 

Survival of planted seedlings varied with P A C L and study sites (Figure 4.1). At the end 

of the first growing season, survival ranged from 50 to 100%. The lowest survival 

occurred in P A C L class < 10% on study sites 1 and 2, but there was no difference among 

P A C L classes on study site 3 (Figure 4.1 A). At the end of the second growing season, 

accumulated survival ranged from 0 to 100% among different P A C L classes and study 

sites (Figure 4.IB). A general trend showed that the highest survival in all three study 

sites occurred from 40% to full P A C L . At the end of the third growing season, 

accumulated survival significantly decreased in each P A C L class in all study sites (Figure 

4.1C). Similar to the accumulated survival at the end of the second growing season, the 

highest accumulated survival at the end of the third growing season occurred at 

intermediate light conditions. 
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Figure 4.1 Survival of study seedlings stratified according to P A C L . (A) - survival at 
the end of first growing season, (B) - accumulated survival at the end of second 
growing season, and (C) - accumulated survival at the end of third growing season. 
Symbols are open bars, site 1; diagonal shading bars, site 2; and cross-hatched, site 3. 
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Growth 

R G R in base diameter and biomass components increased with P A C L (P < 0.05), 

whereas there was no significant effect of light on R H (Table 4.4, Figures 4.2 and 4.3). 

Mean R D ranged from 0.2 at the lowest P A C L to 1.9 (mm-mirf'-Syrs"1) in full light 

conditions (Figure 4.2A). The half of maximum R D was reached at 63% P A C L . Mean 

R G R in biomass components (RAB, R B B , and RTB) varied ten-fold among different 

light conditions (Figure 4.3). Similar to R D , all three biomass components reached half 

of their maximum R G R between 60 to 65% P A C L (Figures 3A, 3B, and 3C), but mean 

R A B tended to be higher than R B B in all light conditions (Figures 4.3A and 4.3B). A 

limited effect of P A C L on R H (0.1 < P < 0.05) was primarily confined to P A C L < 20%, 

where most samples were taken from only one study site (Table 4.4, Figure 4.2B). 

Although a great variability in R H occurred among individual seedlings, a nearly constant 

mean R H was found when P A C L increased from 20 to 100% (Figure 4.2B). 

Allometry and Specific Leaf Area 

Mean H / D ratio significantly decreased with increasing P A C L (Table 4.5). This ratio 

ranged from 100 in low light conditions to 60 in high light conditions (Figure 4.4A). 

Although A B / B B ratio varied from 2 to 6.5 among study seedlings, this ratio did not 

change with P A C L (Table 4.5). A significant positive correlation (r = 0.2), however, 

existed between A B / B B ratio and total biomass (Table 4.5, Figure 4.5). Although mean 

S L A ranged from 90 (cm2g"') at the low P A C L to 60 (cm2-g~') at high P A C L (Figure 

4.4B), no relationship (P > 0.05) occurred between P A C L and S L A (Table 4.5). 
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Figure 4.2 Relative base diameter growth rate (RD) and relative height growth rate (RH) 

on P A C L . (A) - R D with fitted regression (RD = e-^i+o.02xPACL ? n = 2 2 3 ^ R2 = 

0.47) and (B) - R H with fitted regression (RH = 0.443 + 0.086 x l n ( i M C X ) , n = 223, 

R 2 = 0.014). Open circles, site 1; triangles, site 2; and squares, site 3. 
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Figure 4.3 Relative growth rate for above-ground biomass (RAB), below-ground 
biomass (RBB), and total biomass (RTB) on PACL. (A) - RAB with fitted regression 
( RAB = e°-a>4+o.oi8x/*a., n = 223, R2 = 0.37), (B) - RBB with fitted regression 
(RBB = eom+0 02xPACl,n = 223, R2 0.402), and (C) - RTB with fitted regression 
( RTB = e 0.703+0.019x/>/fC/, , n = 223, R = 0.393). Symbols as in Figure 4.2. 
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Figure 4.4 Ratio of height to base diameter (H/D) and specific leaf area ( S L A , cm 2 g"1) on 
P A C L . (A) - H / D with fitted regression line (HI D = 99.267 - 0.397 x PACL, n = 
223, R 2 = 0.282) and (B) - S L A with fitted regression 
(SLA = 98.4 - 8.507 x \n(PACL), n = 223, R 2 = 0.242). Symbols as in Figure 4.2. 
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Figure 4.5 Correlation between the ratio of above- to below-ground biomass ( A B / B B ) 
and total biomass (TB). The fitted regression is AB I BB =. 3.456 + 0.013 xTB (n = 
223, r = 0.2, P = 0.002). Symbols as in Figure 4.2. 
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1 Table 4.4 The results of A N O V A of growth characteristics and specific leaf area on light availability. Abbreviations as in Equation 

2 [4.4]. Differences are significant at P < 0.01 (**), P < 0.05 (*), and P > 0.05 (ns). 

3 

R D R H * R A B R B B R T B S L A 

(log)1 (log) (log) (log) 

Source D F M S F M S F M S F MS F M S F M S F 

Pi 1 61.0 108.9** 0.67 13.3ns 42.7 50.0* 47.8 40.5* 44.4 51.9* 2283 7.8ns 

Sj 2 0.43 1.3 0.05 0.325 1.09 3.61 0.513 1.58 0.826 2.91 644 6.4 

PxStj 2 0.56 1.7 0.048 0.244 0.855 2.84 1.181 3.65 0.856 3.02 307.8 3.1 

SEk(ij) 217 0.33 0.196 0.301 0.324 0.284 99.2 

f Natural logarithmic transformation was applied on RD, RAB, RBB, and RTB. 

* Pj was transformed by natural logarithm when RH and SLA were tested. 
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Table 4.5. The results of A N O V A of allometry on light availability. Abbreviations as in 
Equation [4.5]. Differences are significant at P < 0.001 (***), p < 0.05 (*), and P > 
0.05 (ns). 

H / D A B / B B 

Source df M S F M S F 

Pi 1 17566 
* 

27.0 0.006 0.002ns 

Sj 2 1243 5.1 0.243 0.346 

PXS,J 2 651 2.664 2.501 3.571 

TB 1 1.655 0.007ns 12.03 17.18*" 

SEk(ij) 216 244.3 0.701 

Discussion 

Environmental Variations among Study Sites 

With an attempt to make inferences for a large population, we selected study sites ranging 

widely in ecological site qualities (Table 4.1). As a result, survival and growth varied 

among study sites (Figures 4.1, 4.2, and 4.3). The highest elevation site (site 3) had 

higher survival in low light conditions but lower R G R in high light conditions than lower 

elevation sites. In fact, seedlings with < 20% light availability at the end of the third 

growing season occurred only on the highest elevation site. Seedlings planted in such 

low light conditions on the other two sites were all dead or damaged. Although we can 
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not infer that the differences in survival and growth were due to the differences in site 

quality (site quality was not replicated in this experiment), it is possible that the 

differences in survival and growth among study sites are the result of the differences in 

slope, aspect, elevation, or canopy composition among study sites as found in various 

other studies (Madsen 1994; Kobe et al. 1995). In any case, solar radiation, temperature, 

precipitation, and soil moisture vary diurnally and seasonally among these study sites. In 

consequence, the carbon balance of seedlings may vary among the study sites. For 

example, the low temperature at the highest elevation site may slow the consumption of 

carbohydrate reserves accumulated in the nursery, thus affecting seedling survival and 

growth. 

Survival and Growth 

Planted western larch seedlings had a low survival for the first three growing seasons. A 

low survival in planted western larch seedlings was also found during the early 

establishment stage by Schmidt and Shearer (1990). In this study, the survival of planted 

western larch seedlings increased from high shade to partial shade, and then decreased in 

full light conditions. This result does not support the general relationship between 

survival and light availability previously found for some tree species, in which survival 

consistently increases with increasing light availability (Lorimer 1981; Wang et al. 1994; 

Kobe et al 1995; Walters and Reich 1996). However, survival is also greatly influenced 

by species, ecosystems, and origins of seedlings such as naturally generated and planted 

seedlings. Naturally regenerated seedlings of comparable size to nursery stock normally 

have a higher survival likely because these seedlings do not have transplanting shock and 
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are acclimated to the local environments from their germination stage. Although we 

eliminated the seedlings with history of any damage due to dieback, pathological 

symptoms, foliage chlorosis, and browsing, whether winter frost was another cause of 

mortality is uncertain because only one investigation was made at the end of every 

growing season. If it were, the higher mortality should occur more likely in frost-prone 

sites such as clearcuts and large gaps (Kimmins 1987). 

Previous studies on more shade-tolerant conifer species indicate that height 

growth increases with increasing light (Carter and Klinka 1992; Klinka et al. 1992; Wang 

et al. 1994; see Chapter 2). In this study, however, height growth in planted western larch 

seedlings was not significantly affected by light. In fact, Schmidt and Shearer (1990) 

found that the western larch seedlings growing in partial shade grew taller for the first 

few years but had slower height growth afterwards compared to seedlings in full sunlight. 

It is unclear, however, whether the height growth pattern of western larch can be 

generalized as a characteristic of very shade-intolerant species; although it has been 

found that shade-intolerant species tend to allocate photosynthate to height growth in 

order to penetrate the canopy whereas shade-tolerant species tend to allocate more 

biomass production to lateral growth by epinastic control (Oliver and Larson 1990; see 

Chapter 2). 

A pronounced relationship occurred between light availability and growth in base 

diameter and biomass components of planted western larch seedlings (Table 4.4, Figures 

4.2b and 4.3). With decreasing light availability, significant decreases in diameter (at 

base or current terminal) and biomass were also found in planted and naturally 
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regenerated coniferous and broadleaf tree species (Klinka et al. 1992; Pacala et al. 1994; 

Wang et al. 1994; Messier and Puttonen 1995; see Chapter 2). 

Allometry and Specific Leaf Area 

Due to different response trends in height and base diameter growth, the H / D ratio of 

western larch increased with decreasing light availability (Table 4.5, Figure 4.4A). Wang 

et al. (1994) reported a similar result with planted Thuja plicata seedlings. 

Shoot-to-root ratio usually increases with decreasing light (Givnish 1988; Wilson 

1988). This was not found in our study (Table 4.5). Instead, the ratio was positively 

correlated with total biomass (Table 4.5, Figure 4.5). Shoot-to-root ratio increases with 

increasing seedling size because larger organisms invest a larger proportion of resources 

into supportive tissues (Givnish 1988; Sims and Pearcy 1994); however, seedlings grown 

in natural conditions experience a complexity of interactions between different 

environmental factors. These factors, such as different degrees of water and nutrient 

stresses, may override the effect of light on carbon allocation patterns (Bazzaz and Wayne 

1994; Messier and Puttonen 1995). Meanwhile, the effect of light on shoot-to-root ratio 

also greatly varies with species (Olff et al. 1990; Gower et al. 1995; Turner et al. 1995; 

Walters and Reich 1996). 

Shade leaves have a higher S L A and therefore are more efficient in capturing light 

on a per unit mass basis than sun leaves in a light-limited environment (Sims and Pearcy 

1994; see Chapters 2 and 3). More shade-tolerant species have a more plastic S L A in 

response to light availability (Abrams and Kubiske 1990; see Chapter 2). In our study, 

S L A of planted very shade-intolerant western larch seedlings did not respond to the 
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changes in light availability. A similar result was found for Pinus banksiana, another 

very shade-intolerant conifer (Abrams and Kubiske 1990). Although the basis of 

tolerance to shade involves a number of mechanisms at the physiological and/or 

morphological levels and likely varies between species (see Chapter 2), the non-plastic 

responses in S L A and A B / B B ratio may make an important contribution to the extreme 

shade intolerance of western larch seedlings. 

Conclusions 

Survival greatly varied with light availability, and the highest survival generally occurred 

at intermediate light conditions at the end of the third growing season. Relative growth 

rate in base caliper and biomass components increased with increasing light, whereas 

height growth was independent of light availability. With decreasing light availability, 

ratio of height to base caliper significantly increased whereas shoot to root ratio and 

specific leaf area did not significantly change. Instead, the shoot to root ratio positively 

correlated with total biomass. These non-plastic responses in shoot to root ratio and 

specific leaf area may be the important causes of very shade intolerance in Larix 

occidentalis. 
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Chapter 5 . INTERSPECIFIC RESPONSES OF PLANTED SEEDLINGS TO 

LIGHT AVAILABILITY IN INTERIOR BRITISH COLUMBIA: SURVIVAL, 

GROWTH, ALLOMETRIC PATTERNS, AND SPECIFIC LEAF AREA IN 

RELATION TO SHADE TOLERANCE 

Introduction 

Variation in shade tolerance of tree species not only is a key factor for understanding 

forest succession or dynamics (Pacala et al. 1994; Walters and Reich 1996) but also for 

making decisions concerning forest regeneration and manipulation of the future stand 

composition and structure (Daniel et al. 1979; Kimmins 1992; Klinka et al. 1990; Klinka 

et al. 1994; Wang et al. 1994). That a species can tolerate shade has been explained by its 

high efficiency in capturing and utilizing limiting light resources and efficiently 

consuming carbohydrate. This efficiency has been attributed to or hypothesized to be the 

result of advantages incurred from crown shape, a high shoot/root ratio, a high specific 

leaf area, a high photosynthetic light use efficiency, and a low light compensation point in 

a light limiting environment due to fixed and plastic performance in these attributes 

(Daniel et al. 1979; Canham 1988; Givnish 1988; Tilman 1988; Lei and Lechowicz 1990; 

Chazdon and Kaufmann 1993; Walters et al. 1993; see Chapters 2, 3, and 4). 

Interspecific responses of survival and growth in relation to light and shade 

tolerance have been previously studied on naturally regenerated saplings (Emmingham 

and Waring 1973; Lorimer 1981; Lorimer 1983; Canham 1988; Carter and Klinka 1992; 

Klinka et al. 1992; Lieffers and Stadt 1994; Pacala et al. 1994; Kobe et al. 1995; Messier 

and Puttonen 1995; Runkle et al. 1995; Kobe 1996; Kayahara et al. 1996; see Chapter 2). 
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Shade-tolerant species normally tend to have a higher survival than shade-intolerant 

species in low light environments. Using mainly diameter, terminal, and/or lateral growth 

but rarely biomass as growth measures, shade-intolerant species tend to have a better 

growth performance than shade-tolerant species in full light conditions, and more shade-

tolerant species have a higher lateral and/or diameter growth than shade-intolerant species 

in low light conditions of forest understories (Lorimer 1983; Pacala et al. 1994; see 

Chapter 2). Studies in controlled environments show a similar trend in survival and 

growth performance in high light conditions (Walters et al 1993; Lehto and Grace 1994; 

Kitajima 1994; Cornelissen 1995; Mitchell and Arnott 1995; Walters and Reich 1996), 

however, contrasting results have been found in the growth performance in low light 

conditions in relation to shade tolerance (see Walters and Reich 1996). Poorly defined 

and/or varied high and low light treatments in controlled environment studies may be 

responsible for the contrasting results on growth performance under low light conditions 

in relation to shade tolerance. 

In the forests of southern interior British Columbia, ponderosa pine (Pinus 

ponderosa var. ponderosa), interior Douglas-fir (Pseudotsuga menziesii var. glauca 

(Beissn.)), and Engelmann spruce (Picea engelmannii Parry ex Engelm.) are each a major 

crop and dominant species in the Ponderosa Pine, the Interior Douglas-fir, and the 

Engelmann Spruce - Subalpine Fir biogeoclimatic zones, respectively (Meidinger and 

Pojar 1991). Ponderosa pine is considered as very shade-intolerant and Douglas-fir and 

Engelmann spruce as moderately shade-tolerant or shade-tolerant (Krajina 1969; Daniel 

et al. 1979; Minore 1979). The ranking of shade tolerance for these two species, 

however, shows an inconsistency (op. Cit.). Ponderosa pine regenerates naturally in gaps 
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of open-canopy stands, whereas Douglas-fir and Engelmann spruce regenerate in a variety 

of light environments (Meidinger and Pojar 1991). 

Clearcutting with subsequent planting has been a standard silvicultural practice 

across British Columbia, except in the Ponderosa Pine zone and some parts of the Interior 

Douglas-fir zone. Recently, for various reasons, this practice has diversified resulting in 

increasing application of alternative regenerating cuttings with artificial or natural 

regeneration or both. How regeneration, in particular planted seedlings, responds to a 

variety of light environments created by partial cuttings and how to manipulate forest 

stands to achieve the desired species composition and structure have become major 

concerns when implementing alternative silvicultural practices (Klinka et al. 1990; 1994; 

Kimmins 1992; Wang et al. 1994; Mitchell and Arnott 1995). In this study, our objective 

was to improve our understanding of shade tolerance by addressing: 1) How do survival 

and growth of the planted seedlings of ponderosa pine, Douglas-fir, and Engelmann 

spruce respond to different light environments? 2) Do more shade-tolerant species have a 

greater survival and smaller growth reduction than less shade-tolerant species along the 

gradient from full light to forest understory? 3) Do allometric patterns and specific leaf 

area reveal some trend in relation to shade tolerance? 

Methods and Materials 

Study Sites and Seedlings 

Study sites were located near Okanagan Falls, British Columbia. The study site for 

interior Douglas-fir (FD) was located on the same site as that for western larch - site 1 

(Table 4.1 in Chapter 4); two study sites for ponderosa pine (PP) were located on the 
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same sites as those for western larch sites 2 and 3 (Table 4.1 in Chapter 4); and the study 

site for Engelmann spruce was located in the dry cool Engelmann Spruce - Subalpine Fir 

subzone (Meidinger and Pojar 1991). The study site for Engelmann spruce had a slope of 

25% facing west, elevation of 1750 m above sea level, slightly dry soil moisture regime, 

and medium soil nutrient regime (Green and Klinka 1994). Similar to the other study 

sites, it included a portion of clearcut and adjacent forest stand. The area of this clearcut 

was about 5 hectares. Clearcutting occurred in 1990. The mean age and height of the 

adjacent stand was 60 years and 15 m, respectively. The canopy tree species was 

Engelmann spruce and the canopy had gaps of different sizes providing a variety of light 

environments in the understory. 

In April 1993, 500 one-year-old, container-grown (PSB 313A, Van Eerden and 

Gates 1990) seedlings of each study species of local origin were obtained from a nearby 

nursery (Pacific Regeneration Technologies, Ltd., Vernon, British Columbia) and planted 

on the respective study site. Before planting, 20 seedlings for each study species were 

randomly selected to determine initial base diameter, height, biomass, specific leaf area, 

and biomass components (Table 5.1). At each study species/site, approximately 500 

seedlings were planted at least 1.5 m apart in irregularly spaced transects extending from 

60 m inside the clearcut, through the stand edge, to about 60 m inside the adjacent stand. 

A l l seedlings were planted in mineral soil, staked, numbered, and measured for height 

and base diameter. The surrounding herbs and shrubs within 1 m diameter from the 

planted seedling were removed immediately after planting and twice each year (in May 

and June) for 3 years. 
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Table 5.1 General characteristics of subsampled seedlings for the three study species 
prior to planting in April 1993 (n = 20). H is height, D is base diameter, AB is above-
ground biomass (g), BB is below-ground biomass (g), TB is total biomass (g), and S L A 
is specific leaf area. Values are means and standard deviations (in parenthesis). 
Species are PP - ponderosa pine, F D - Douglas-fir, SE - Engelmann spruce. 

Species H D AB BB TB AB/BB SLA 

(cm) (mm) (g) (g) (g) (cm 2 g 1 ) 

PP 22.0 6.1 2.72 2.25 4.98 1.22 66.8 

(2.65) (0.94) (0.61) (0.53) (1.09) (0.14) (7.6) 

F D 23.6 3.8 2.16 1.49 3.70 1.47 40.0 

(2.34) (0.55) (0.56) (0.36) (0.90) (0.15) (4.2) 

S E 17.6 3.2 1.47 0.88 2.36 1.68 38.5 

(3.0) (0.44) (0.60) (0.33) (0.90) (0.28) (3.22) 

Light Measurement 

Light availability for each seedling was determined during the second growing season 

from July 2 to July 20, 1994 under cloudless conditions following the procedure 

described in Chapter 2: pages 10-11. 

Survival and Growth Measurements 

Planted seedlings were grown for three growing seasons from May 1993 to August 1996. 

Every August, seedlings were examined for survival described as in Chapter 4: page 52. 
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Measures of growth (diameter, height, and biomass) and specific leaf area followed the 

procedure described as in Chapter 4: page 52. 

Calculations and Statistical Analysis 

Survival for each study species was calculated according to ten P A C L classes (< 10%, 

10.1 -20%, 20.1 - 30%, 30.1 - 40%, 40.1 - 50%, 50.1 - 60%, 60.1 - 70%, 70.1 - 80%, 

80.1 -90% and > 90%). To eliminate the factors other than light that might cause 

mortality, seedlings with signs of previous damage (e.g., dieback, pathological symptoms, 

foliage chlorosis, and browsing) were excluded from the analysis. Proportion of survival, 

weighed by the number of all seedlings within each group, was tested with likelihood 

ratio chi-square (x 2 ) tests following Hicks (1982) and Neter et al. (1996). 

The relationship between initial biomass components, base diameter, and height 

for the 20 subsampled seedlings for each species was constructed using the all 

combination procedure (Draper and Smith 1981; Neter et al. 1996) by adding or 

eliminating predictors, e.g., height, diameter, diameter square, height square, diameter by 

height, or height by diameter square. The final 'best' regression models (Table 5.2) were 

used to predict the initial biomass components for harvested seedlings. 

Absolute growth rates (AGR) for height (AH, cm-3yrs"'), base diameter (AD, 

mm-Syrs"1), and total biomass ( A T B , g-3yrs_1) were calculated as the measures at the end 

of the third growing season minus the initial measured or estimated values. Relative 

growth rate (RGR) for each individual growth characteristics, i.e., relative base diameter 

growth rate (RD, mm-nmV^yrs" 1), relative height growth rate (RH, cm-cm"1 -3yrs"', and 

relative total biomass growth rate (RTB, g-g^-Syrs"1) for each sampled seedling, was 
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calculated as an absolute rate divided by the initial value (Hunt 1982). The ratios of 

above-ground to below-ground biomass of the harvested seedlings at the end of the third 

growing season ( H A B / H B B ) , the ratio of absolute increase of above- to below-ground 

biomass over three growing seasons ( A A B / A B B ) , and height to base diameter (H/D) ratio 

at the end of the third growing season were calculated to evaluate allometric patterns. 

To quantify responses of absolute growth measures (AH, A D , A T B ) and relative 

growth measures (RD, R H , and RTB) , allometric traits (ratios of H / D , H A B / H B B , and 

A A B / A B B ) , and specific leaf area (SLA) to P A C L , the regression with the 'best' fit for 

each characteristic was chosen from linear and nonlinear forms through ordinary least-

square or least mean square of error fit (Hunt 1982; Charles-Edwards et al. 1986; 

Chatterjee and Price 1991; Neter et al. 1996). The 'best' fit regression model for a given 

characteristic was chosen by fitting original values of all observations from each species. 

To test the species differences in the response of a given characteristic to P A C L , a 

transformation according to the 'best' fit regression form was applied to achieve linearity 

and homoscedasticity if the response was nonlinear. The differences in overall mean and 

the slopes of regressions among study species were tested using analysis of variance 

( A N O V A ) following Kuehl (1994) and Neter et al. (1996). Pairwise contrasts were also 

conducted between species and the critical alpha (a) values for the contrasts were divided 

by 3 from the alpha (a) values for A N O V A tests on all three species following Anderson 

etal. (1994). 
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Table 5.2 Regression coefficients for predicting initial biomass components (BC, g) from 
height (H, cm) and base diameter (D, mm) for individual species. Regression form is 
Y = a+bxH + cxD . Sample size for each species is 20. AB, BB, and TB are as in 
Table 5.1 and subscripts indicate study species (PP is ponderosa pine, F D is Douglas-
fir, and S E is Engelmann spruce). R is coefficient of determination; and S E E is 
standard error of estimate for the regression. 

B C ( g ) 

a 

Coefficient 

b c 

R 2 S E E (g) 

ABPP -2.376 0.096 0.489 0.73 0.320 

BBpp -2.366 0.086 0.448 0.83 0.219 

TBpp -4.742 0.183 0.937 0.86 0.412 

ABFD 
-1.763 0.019 0.917 0.85 0.215 

BBFD -0.927 0.007 0.587 0.80 0.163 

TBFD -2.609 0.026 1.504 0.87 0.328 

ABSE -2.726 0.120 0.658 0.90 0.185 

BBSE -1.332 0.072 0.299 0.85 0.130 

TBSE -4.058 0.192 0.957 0.93 0.234 
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Results 

Survival 

Mean survival and its response to P A C L varied among species (Figure 5.1). 

Survival for Engelmann spruce and Douglas-fir was not significantly related to P A C L 

whereas for ponderosa pine it significantly decreased with decreasing P A C L . At the end 

of the first growing season, both Engelmann spruce and Douglas-fir had almost 100% 

survival at all light conditions (Figure 5.1 A), while the survival for ponderosa pine 

significantly declined with decreasing P A C L (x 2 = 35.7, P < 0.001). 

At the end of the second growing season (Figure 5.2B), mean accumulated 

survival for ponderosa pine (79.3%) was significantly lower than that for Douglas-fir and 

Engelmann spruce (95.5 and 97.6%, respectively) (x 2 = 136.0, P < 0.001). With 

decreasing P A C L , this survival for ponderosa pine significantly decreased (X 2 = 84.4, P < 

0.001) while for Douglas-fir and Engelmann spruce survival was independent of P A C L 

(x 2 = 4.12 and P = 0.90 for Douglas-fir; x 2 = 12.4 and P = 0.19 for Engelmann spruce). 

At the end of the third growing season, mean accumulated survival significantly 

differed among species (x 2 = 180.1, P < 0.001). This survival was 63.9, 80.6, and 96.2% 

for ponderosa pine, Douglas-fir, and Engelmann spruce, respectively. It significantly 

decreased from intermediate to low P A C L for ponderosa pine (Figure 5.1C; X 2 = 48.1,P 

< 0.001) whereas it did not significantly differ among P A C L s for both Douglas-fir and 

Engelmann spruce (X 2 = 7.19 and P - 0.62, X 2 = 11.3 and P - 0.27, respectively). 
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Figure 5.1 Survival of study seedlings stratified according to P A C L . (A) - survival at 
the end of first growing season, (B) - accumulated survival at the end of second 
growing season, and (C) - accumulated survival at the end of third growing season. 
Symbols are non-shade for ponderosa pine, diagonal-shade for Douglas-fir, and grid-
shade Engelmann spruce. 
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Growth 

Height growth significantly decreased with decreasing P A C L for all study species and 

varied among the species (Table 5.3, Figure 5.2). With decreasing light availability, 

Engelmann spruce had the greatest decrease in both A H and R H ; the decrease in A H and 

R H did not significantly differ between ponderosa pine and Douglas-fir (Table 5.3, 

Figures 5.2A and 2B). From the highest to the lowest P A C L , the mean A H for ponderosa 

pine and Douglas-fir decreased from 20 to 11 cm-3yr_ 1, while the mean A H for 

Engelmann spruce decreased from 18 to 5 cm 3yr"' (Figure 5.2A). The mean R H for 

ponderosa pine and Douglas-fir decreased from 0.8 to 0.5 cm-cm"l-3yr"1 whereas for 

Engelmann spruce it decreased from 1.0 to 0.3 5 cm-cm"1-3yr"1 (Figure 5.2B). 

Similar to height growth, growth in base diameter significantly decreased with 

decreasing P A C L for all study species and the extent of the decrease significantly varied 

among the species (Table 5.3, Figure 5.3). With decreasing P A C L , Douglas-fir had the 

greatest decrease in both A D and R D , while there was no significant difference in the 

responses of A D and R D to P A C L in ponderosa pine and Engelmann spruce. Engelmann 

spruce, however, had the greatest mean R D among the three study species at any given 

P A C L (Table 5.3, Figures 5.3A and 3B). With P A C L decreasing from the full to the 

lowest value, the mean A D for Douglas-fir decreased twelve-fold from 5.6 to 0.46 

mm-3yr_ 1 whereas for ponderosa pine and Engelmann spruce it decreased less than five

fold from 4.5 and 5.4 to 1.2 and 1.1 mm-3yfrespectively (Figure 5.3A). The mean R D 

decreased from 0.68 to 0.25, 1.4 to 0.15, and 1.7 to 0.4 ram-mm"'-3yr"1 for ponderosa 

pine, Douglas-fir, and Engelmann spruce, respectively. 
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Table 5.3 A N O V A result (F values) of growth characteristics for comparisons among all 
study species and pairwise comparisons between species. A H is absolute height growth 
rate (cm 3yr~'), R H is relative height growth rate (cm cm"1 3yr _ 1), A D is absolute base 
diameter growth rate (mm 3yr"'), R D is relative base diameter growth rate (mm mm"1 

3yr"'), A T B is absolute total biomass growth rate (g 3yr"'), and R T B is relative total 
biomass growth rate (g g"1 3yr"'). PP is ponderosa pine, F D is Douglas-fir, and S E is 
Engelmann spruce. 

Source1 D F A H R H A D R D A T B R T B 

P A C L 1 42.3***2 

A l l 

27.8*** 

species 

34.2 27.3 98.3"* 69.5*** 

S 2 i s . r * 4.6* 14.7*** 10.2* 13.9 0.09ns 

S x P A C L 2 
* 

4.72 3.57 8.25*** 6.97** 2.78ns 1.57ns 

Error 304 

PP F D 

P A C L 1 17.0*** 
** 

10.9 131.4*** 106.9*** 179.0*** 130.3"* 

S 1 0.02ns 0.11ns 22.5*** 4.41ns 19.1*** 0.18ns 

S x P A C L 1 0.04ns 0.2ns 14.1*** 
** 

11.7 4.57ns 2.73ns 

Error 231 

PP vs S E 

P A C L 1 38.3*** 25.4*** 49.8*** 37.3"* 98.3*" 72.9*** 

S 1 21.4 7.04* 0.48ns 7.4* 23.1*** 0.04ns 

S x P A C L 1 7.12 5.9* 1.34ns 0.98ns 3.83ns 2.02ns 

Error 206 

F D vs S E 

P A C L 1 49.8*** 32.8*" 27.5*** 23.3*** 91.2*** 62.7 

S 1 28.9*** 8.0* 12.8*** 17.1"* 1.17ns 0.29ns 

S x P A C L 1 8.7" 5.84* 5.03ns 4.6ns 0.03ns 0.01ns 

Error 171 

1 S is the source for species. 

2 Differences are significant at a < 0.001 (***), a < 0.01 (**), a< 0.05 (*), and a > 0.05 (ns). 
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Figure 5.2 Scattergrams and fitted regression lines of (A) absolute height growth (AH, 
cm Syr"1) for ponderosa pine (lny = 2.365 + 0.006 x x, R2 = 0.07, P = 0.002), Douglas-
fir (lny = 2.341 + 0.007 x x, R2 = 0.18, P < 0.001), and Engelmann spruce 
(lny = 1.489 + 0.014 x x, R2 •= 0.37, P < 0.001) and (B) relative height growth rate (RH, 
cm cm"1 3yr"') for ponderosa pine (lny = -0.663 + 0.005 x x, R2 =0.03, P = 0.03), 
Douglas-fir (lny = -0.723 + 0.006 x x, R2 = 0.12, P < 0.001), and Engelmann spruce 
(\ny = -1.229 + 0.013 x x, R2 = 0.29, P < 0.001) on PACL. Symbols and lines for 
ponderosa pine - solid circle with solid line, Douglas-fir - open circle and dotted line, 
and Engelmann spruce - solid triangle and dashed line. 

P A C L ( % ) 
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Figure 5.3 Scattergrams and fitted regression lines of (A) absolute diameter growth (AD, 

mm 3yf') for ponderosa pine (lny = 0.206 + 0.013 x x, R2 = 0.25, P < 0.001), Douglas-

fir (lny = -0.774 + 0.025 x x , R2 = 0.47, P < 0.001), and Engelmann spruce 

(lny = 0.077 + 0.016 x x, R2 = 0.40, P < 0.001) and (B) relative height growth rate 

(RD, mm mm"1 3yr"') for ponderosa pine (lny = -1.581 + 0.012 x x, R2 =0.19, P < 

0.001), Douglas-fir (lny = -2.055 + 0.024 x x , R2 = 0.43, P < 0.001), and Engelmann 

spruce (ln.y = -1.015 + 0.016 x x , R2 = 0.36, P < 0.001) on P A C L . Symbols and lines 

as in Figure 5.2. 

PACL (%) 
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Total biomass growth over three growing seasons significantly decreased with 

decreasing P A C L for all species and the decrease in A T B and R T B did not significantly 

differ among the three study species (Table 5.3, Figure 5.4). At any given P A C L , 

however, the mean A T B was always the highest for ponderosa pine and the lowest for 

Engelmann spruce (Table 5.3, Figure 5.4A). From the highest to the lowest P A C L , the 

mean A T B decreased from 28 to 5 g-3yr_1 for ponderosa pine, from 25 to 2 g-3yr"' for 

Douglas-fir, and from 20 to 2 g-3yr"' for Engelmann spruce, respectively (Figure 5.4A). 

The mean R T B decreased five- to seven-fold from the highest to the lowest P A C L for all 

study species (Figure 5.4B). 

Allometric Patterns and Specific Leaf Area 

The ratio of above- to below-ground biomass ( H A B / H B B ) at the end of the third growing 

season decreased with decreasing P A C L for all study species (Table 5.4, Figure 5.5A) 

and was positively correlated with total biomass of harvested seedlings (R2 = 0.18, P < 

0.001). The response of this ratio to P A C L did not differ among the species (Table 5.4), 

however, when the variation due to differences in total biomass was removed, the ratio 

for Engelmann spruce was always significantly higher than that for ponderosa pine and 

Douglas-fir (P = 0.025). 

The response of the ratio of absolute increment of above- and below-ground 

biomass over three growing seasons ( A A B / A B B ) to P A C L significantly varied among the 

study species (Table 5.4, Figure 5.5B). With decreasing P A C L , this ratio increased 

significantly in Douglas-fir, showed a marginally significant increase in Engelmann 

spruce (P = 0.08), and did not change in ponderosa pine (Figure 5.5B). The greater 
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increase in A A B / A B B ratio in Douglas-fir than in Engelmann spruce indicated Douglas-

fir was more plastic in allocating a higher proportion of the biomass increment to above-

ground from full to low light conditions (Table 5.4, Figure 5.5B). 

Similarly, the responses of the ratio of total height to diameter at the end of the 

third growing season (H/D) to P A C L varied among species (Table 5.4, Figure 5.6A). 

With decreasing P A C L , the H / D ratio in both Douglas-fir and Engelmann spruce 

significantly increased, with Douglas-fir having the greater increase in this ratio (Table 

5.4). This ratio in ponderosa pine, however, did not change with P A C L (Figure 5.6A). 

Nevertheless, Douglas-fir always had the highest H / D ratio at any given P A C L (Figure 

5.6A) 

Responses of specific leaf area (SLA) to P A C L also varied among the study 

species (Table 5.4, Figure 5.6B). With decreasing P A C L , S L A for Douglas-fir and 

Engelmann spruce had a similar increase (Table 5.4), but it did not change significantly in 

ponderosa pine (Figure 5.6B). At any given P A C L , S L A of Douglas-fir was always 

higher than that for Engelmann spruce or ponderosa pine (Figure 5.6B). 
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Figure 5.4 Scattergrams and fitted regression lines of (A) absolute total biomass growth 

( A T B , g Syr 1 ) for ponderosa pine (Iny = 1.535 + 0.018 x x , R2 = 0.40, P < 0.001), 

Douglas-fir (Iny = 0.796 + 0.024 x x , R2 = 0.63, P < 0.001), and Engelmann spruce 

( lny = 0.585 + 0.024 xx,R2 = 0.53, P < 0.001) and (B) relative height growth rate 

(RTB, g g 1 3yr') for ponderosa pine (Iny = 0.070 + 0.019 x JC, R2 =0.36, P < 0.001), 

Douglas-fir (Iny = 0.080 + 0.022 xx,R2 = 0.53, P < 0.001), and Engelmann spruce 

(Iny = 0.043 + 0.022 x x , R2 = 0.45, P < 0.001) on P A C L . Symbols and lines as in 

Figure 5.2. 
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Table 5.4 A N O V A result (F values) of allometric pattern and specific leaf area for 
comparisons among all study species and contrasts between the species. H A B / H B B is 
the ratio of above- to below-ground biomass at the end of the third growing season, 
A A B / A B B is the ratio of absolute growth of above- to below-ground biomass over 
three growing season, H / D is the ratio of total height to base diameter at the end of the 
third growing season, and S L A is specific leaf area. 

Source1 D F H A B / H B B A A B / A B B H / D S L A 

A l l species 

P A C L 1 15.2*"2 2.7ns 5.2* 26.2 

S 2 1.38ns 9.2*** 68.7"* 42.4*** 

S x P A C L 2 0.15ns 4.9** 15.4"* 7.2 

Error 304 

PP vs F D 

P A C L 1 25. l " * l l . 7 " 83.9*** 26.2 

S 1 0.5ns 19.0*** H7.8*" 80.6*** 

S x P A C L 1 0.24ns 9.9** 28.1"* 8.4* 

Error 231 

PP vs S E 

P A C L 1 12.8*" 3.0ns 6.5* 26. r * 

S 1 2.26ns 
* 

7.09 2.6ns 20.3*** 

S x P A C L 1 0.01ns 4.3ns l.3ns I 2 . l " 

Error 204 

F D S E 

P A C L 1 
1 A . * * * 

14.4 2.26ns 
* 

4.2 28.2*** 

S 1 l.3ns l.39ns 57.7*" 15.3*** 

S x P A C L 1 0.2lns 0.40ns 10.6" l.Olns 

Error 171 

1 S is the source for species. 
2 Differences are significant at a < 0.001 (***), a < 0.01 (**), a< 0.05 (*), and a > 0.05 (ns). 
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Figure 5.5 Scattergrams and fitted regression lines of (A) ratio of above- and below-
ground biomass at the end of the third growing season ( H A B / H B B ) for ponderosa pine 
(y = 2.075 + 0.017 x x, R2 = 0.14, P < 0.001), Douglas-fir (y = 2.263 + 0.015 x x , R2 = 
0.25, P < 0.001), and Engelmann spruce (y = 2.661 + 0.017 x x , R2 = 0.1, P = 0.004) 
and (B) ratio of absolute growth of above- and below-ground biomass ( A A B / A B B ) for 
ponderosa pine (y = 4.169 + 0.010 x x,R2 = 0.005, P = 0.206), Douglas-fir 
(y = 7All - 0.027 x x, R2 = 0.08, P = 0.003), and Engelmann spruce 
(y = 6.360 - 0.017 x x, R2 = 0.018, P = 0.073) on P A C L . Symbols and lines as in 
Figure 5.2. 
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Figure 5.6 Scattergrams and fitted regression lines of (A) ratio of height to diameter at 

the end of the third growing season (H/D) for ponderosa pine (y = 46.963 - 0.045 x x, 

R2 = 0.008, P = 0.151), Douglas-fir (y = 82.606 - 0.314 x x, R2 = 0.37, P < 0.001), and 

Engelmann spruce (y = 52.336 - 0.105 x x , R2 = 0.053, P = 0.026) and (B) specific leaf 

area (SLA) for ponderosa pine (y = 41.121 - 0.017 xx,R2< 0.001, P = 0.468), 

Douglas-fir (y = 59.263 - 0.0108 x x, R2 = 0.21, P < 0.001), and Engelmann spruce 

(y = 51.223 - 0.141 x x , R2 = 0.29, P < 0.001) on P A C L . Symbols and lines as in 

Figure 5.2. 
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Discussion 

Survival and Growth 

Over the first three growing seasons, planted seedlings of Engelmann spruce had the 

highest survival followed by shade-tolerant interior Douglas-fir and ponderosa pine, 

which had the lowest survival. Although the seedlings of the three study species endured 

the whole range of light availability in natural environments, the survival of Engelmann 

spruce and Douglas-fir did not vary with light conditions whereas ponderosa pine had a 

significant decline in survival with decreasing light availability. It has been reported that 

less shade-tolerant species have a lower survival under low light conditions in both 

natural (Lorimer 1981; 1983; Kobe et al. 1995; Kobe 1996) and controlled environments 

(Walters and Reich 1996). In natural environments, mortality normally happens in 

"harsh" conditions such as winter (Cornelissen 1995; Walters and Reich 1996); therefore, 

seasonal physiological behavior such as winter photosynthesis, internal carbon transfer, 

and defense strategy may be very important in explaining the differences in seedling 

survival among tree species. 

Height growth of all three study species significantly decreased with decreasing 

light availability (Figure 5.2). Shade-intolerant ponderosa pine had the lowest decrease in 

height increment with decreasing light availability and shade-tolerant Engelmann spruce 

had the lowest height growth in low light conditions (Table 5.3, Figure 5.2). Similarly, 

with decreasing light availability, planted seedlings of very shade-intolerant western larch 

(Larix occidentalis Nutt.) did not significantly reduce height growth for the first three 

growing seasons (Schmidt and Shearer 1990; see Chapter 4), whereas very shade-tolerant 
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western redcedar (Thuja plicata Donn ex D. Don) showed a high reduction in height 

growth (Wang et al. 1994). Studies on naturally regenerated saplings indicate that shade-

tolerant interior Douglas-fir (Pseudotsuga menziesii) and interior spruce (Picea 

engelmannii Parry ex Engelm. x Picea glauca (Moench) Voss) had a smaller annual 

height increment than shade-intolerant lodgepole pine {Pinus contorta Dougl. ex Loud) in 

low light conditions although, with decreasing light, the relative height reduction (relative 

to the growth in the open for each species) did not vary among those species (Kayahara et 

al. 1996; see Chapter 4). In fact, shade-intolerant species tend to allocate photosynthate 

in height growth in order to grow to the forest canopy whereas shade-tolerant species 

allocate more photosynthate to lateral growth in order to capture more light resources in 

light-limiting environments (Tilman 1988; Oliver and Larson 1990; see Chapters 2 and 

4). 

Similarly, diameter growth of all study species decreased with decreasing light 

availability (Figure 5.3). Moderately shade-tolerant Douglas-fir had the greatest decrease 

and shade-intolerant ponderosa pine had the smallest decrease in diameter with 

decreasing light. It has been reported that the reduction of diameter growth with 

decreasing light was not consistent with shade tolerance in naturally regenerated saplings 

(Pacala etal. 1994). 

Total biomass growth decreased with decreasing light availability for all three 

study species (Table 5.3, Figure 5.4). Although there was no significant difference in the 

extent of reduction in absolute and relative total biomass among the species with 

decreasing light, shade-intolerant ponderosa pine had the highest and the shade-tolerant 

Engelmann spruce had the lowest absolute biomass growth over three growing seasons at 
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any given light level (Table 5.3, Figure 5.4a). This result agrees with a study under 

controlled environments in which more shade-tolerant species had less biomass increase 

both in high and low light conditions (Walters et al. 1993; Kitajima 1994; Lehto and 

Grace 1994), but disagrees with the results of another controlled study (Walters and 

Reich 1996), where the authors argued that the higher growth rate for more shade-tolerant 

species in low light occurred at light level as low as < 2% of full sun. Persistent survival 

without significant growth is, in fact, a common feature of shade-tolerant species in forest 

understories (Canham 1988; Tilman 1988; Lei and Lechowicz 1990), while shade-

intolerant species die faster with faster growth in low light conditions (Kitajima 1994). 

Pronounced differences in survival but inconsistent differences in various growth 

measures in relation to light availability among species with different shade tolerance 

rankings indicate that survival is an important measure of shade tolerance. In natural 

environments, however, the measure of survival on naturally regenerated seedlings is 

technically impossible without long-term observations on permanent plots. As reported 

in other studies (Kitajima 1994; see Walters and Reich 1996), the growth performance 

measured in this study was not positively correlated with survival in relation to shade 

tolerance. Growth measures were taken on random samples from all surviving seedlings 

at different light levels - a similar procedure to that used in various studies on plant 

responses to environmental stress (light, nutrients, water, or temperature). Consequently, 

for the shade-intolerant ponderosa pine, comparisons on growth were, in fact, made 

between the subset of individuals who survived in low light environments for various 

random reasons and the more average individuals from high light environments. For the 

purpose of discussion, we can refer to seedlings that survived for whatever reason as 
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"super" seedlings. Because of significant differences in survival among species, growth 

comparisons among species were made among the 'super' individuals of ponderosa pine, 

'sub-super' individuals of Douglas-fir, and average individuals for Engelmann spruce. 

Without taking into account survival differences among species, growth analysis may 

lead to biased conclusions in shade tolerance ranking which ought to describe the relative 

capacity of a species to compete in low light conditions and under high root competition 

(Daniel et al. 1979). In addition to the interactions of survival and growth, different 

measures of growth (height, diameter, and biomass) may result in different rankings of 

shade tolerance because each species may have an unique growth allocation pattern (Lei 

and Lechowicz 1990; Oliver and Larson 1990). 

Allometry and Specific Leaf Area 

With decreasing light availability, plants allocate more biomass to the above-ground 

components, especially leaves, to increase photosynthetic leaf area. The above- to below-

ground ratio varies with species and is often confounded with the difference in the size of 

plants growing in different light conditions (Givnish 1988; Wilson 1988; Olff et al. 1990; 

Walters et al. 1993; Sims and Pearcy 1994; Tanouchi 1996; Walters and Reich 1996). In 

this study, the ratio of above- to below-ground biomass at the end of the third growing 

season for all three study species decreased with decreasing light and was highly 

correlated to total biomass. A similar pattern was also found on planted seedlings of 

western larch and western redcedar (Wang et al. 1994; see Chapter 4). By removing the 

variation due to total biomass, this ratio was the highest for Engelmann spruce and the 

lowest for ponderosa pine at any given light level. The ratio of absolute growth of above-
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to below-ground biomass over the three growing season ( A A B / A B B ) showed that 

Douglas-fir allocated significantly, and Engelmann spruce allocated marginally, more 

biomass to above-ground growth in low light than in high light conditions whereas shade-

intolerant ponderosa pine did not show any plasticity in allocating biomass. 

Similarly, Douglas-fir was more plastic than Engelmann spruce in height to 

diameter ratio (Figure 5.6A). The increase in the height to diameter ratio with decreasing 

light was also detected in the planted very shade-tolerant western redcedar and very 

shade-intolerant western larch seedlings (Wang et al. 1994; see Chapter 4), yet, this ratio 

did not change for ponderosa pine. Specific leaf area for both Douglas-fir and 

Engelmann spruce increased whereas for ponderosa pine it did not change with 

decreasing light availability (Figure 5.6B). The observation that more shade-tolerant 

species have a higher plasticity in specific leaf area has been reported for various species 

(Abrams and Kubiske 1990; see Chapter 2). 

In low light environments, shade-tolerant species are efficient in capturing and 

photosynthetically utilizing limiting light resources, and economical in consuming 

carbohydrate due to the advantages in morphological, anatomical, physiological 

properties (Daniel et al. 1979; Canham 1988; Lei and Lechowicz 1990; Chazdon and 

Kaufmann 1993; Walters et al. 1993; Walters and Reich 1996; see Chapters 2 and 3). 

Selected measures of morphological characteristics in this study indicated that Douglas-

fir had the highest A A B / A B B and H / D ratios, and specific leaf area in low light 

conditions among three study species. These highest ratios in Douglas-fir were attributed 

to the highest plasticity and the highest values of these characteristics in high light 

conditions. These planted Douglas-fir seedlings also showed plasticity in dynamic and 
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steady-state photosynthetic behavior (see Chapter 3). If shade tolerance is measured by 

the plasticity of these morphological characteristics, then Douglas-fir is the most shade-

tolerant among the three study species. Without examining physiological behaviors such 

as photosynthetic capacity, respiration, and their diurnal and seasonal patterns, however, 

these selected morphological measures in this study are insufficient to explain why the 

survival in Engelmann spruce is higher than that in Douglas-fir. 

Conclusion 

Seedling survival in low light environments was the highest in Engelmann spruce and the 

lowest in ponderosa pine among three study species. The survival in Engelmann spruce 

and Douglas-fir did not change whereas the survival in ponderosa pine significantly 

decreased with decreasing light availability. With decreasing light, Engelmann spruce 

had the greatest decrease in height growth and Douglas-fir showed the greatest decrease 

in diameter growth, whereas measures of growth in biomass indicated that the extent of 

decrease in absolute and relative biomass growth rates did not differ among the three 

study species. At any given light level, ponderosa pine had the highest and Engelmann 

spruce had the lowest absolute biomass growth rate over three growing seasons. Interior 

Douglas-fir displayed the highest plastic response to light availability in allometric 

patterns and specific leaf area whereas shade-intolerant ponderosa pine did not show any 

plasticity. These results suggest that 1) without taking survival into account, growth 

measures on surviving seedlings may lead to inconclusive and inconsistent shade 

tolerance rankings; and 2) without fully investigating interspecific differences in 

physiological, anatomical, and morphological properties, and diurnal and seasonal 
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patterns in carbon balance, selected measures of morphological properties are insufficient 

to explain the mechanism of shade tolerance. 
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Chapter 6 . GENERAL DISCUSSION 

The objective of this discussion is (i) to examine and compare the responses of naturally 

regenerated saplings and planted seedlings of the study species in survival, growth, 

morphological, and physiological characteristics to varying light environments and (ii) to 

relate these responses to presumed shade tolerance of the species. Integration of the 

results of four component studies will indicate the usefulness of measured characteristics 

as criteria for an objective characterization of shade tolerance and will be also useful to 

those who make decisions on forest regeneration in different light environments. 

What is the shade tolerance of the study species? Comparison of shade tolerance 

classes for the study species taken or interpreted from four authoritative sources is 

inconsistent (Table 6.1). According to Baker (1949), the shade tolerance of the study 

species increases in order from western larch, ponderosa pine, lodgepole pine, Douglas-

fir, to Engelmann spruce. A similar ranking was given by Krajina (1965) and Daniel et al 

(1979). Minore (1979), however, ranked Douglas-fir a more shade-tolerant species than 

Engelmann spruce. To reconcile the inconsistencies for the purpose of this discussion, I 

considered western larch and ponderosa pine very intolerant, lodgepole pine intolerant, 

and both Douglas-fir and Engelmann spruce moderately tolerant of shade (Table 6.1). I 

considered the following order of increasing shade tolerance: western larch, ponderosa 

pine, lodgepole pine, Douglas-fir, and Engelmann spruce. 
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Table 6.1 Comparison of shade tolerance for the five study species and presumed shade 
tolerance adopted for the discussion. 

Source Western larch Ponderosa 

pine 

Lodgepole 

pine 

Douglas-fir Engelmann 

spruce 

Baker 
(1949) 

very 
intolerant 

intolerant intolerant moderately 
tolerant 

tolerant 

Krajina 
(1965) 

very 
intolerant 

very 
intolerant 

intolerant moderately 
tolerant 

moderately 
tolerant 

Daniel et al. 
(1979) 

very 
intolerant 

intolerant intolerant moderately 
tolerant 

tolerant 

Minore 
(1979) 

very 
intolerant 

very 
intolerant 

intolerant moderately 
tolerant 

intolerant 

Presumed 
tolerance 

very 
intolerant 

very 
intolerant 

intolerant moderately 
tolerant 

moderately 
tolerant 

The Responses in Survival and Growth to Light Availability in Relation to Shade 

Tolerance 

Survival of planted seedlings decreased with decreasing light availability in ponderosa 

pine and western larch, but there was no impact of light on the survival of planted 

Engelmann spruce and Douglas-fir seedlings over the first three growing seasons (Table 

6.2). At any given light condition, more shade-tolerant species had a higher survival than 

less shade-tolerant species. Similarly, a study on survival of naturally regenerated 

saplings in permanent plots reported that more shade-tolerant species have a higher 

survival than less shade-tolerant species in forest understories (Lorimer 1983). Using a 

modeling procedure in which probability of survival was derived from the recent radial 

growth, Kobe et al. (1995) also found that more shade-tolerant species have a higher 
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survival in any given light environment by examining naturally regenerated saplings of 10 

dominant tree species in hardwood forests of northeastern United States. 

In both low and high light environments, height growth in less shade-tolerant 

species was generally higher than that in more shade-tolerant species (Table 6.2). A 

similar pattern was also reported on the comparison of naturally regenerated saplings of 

shade-intolerant lodgepole pine and moderately shade-tolerant interior spruce (Picea 

engelmannii Parry ex Engelm. x Picea glauca (Moench) Voss.) (Kayahara et al. 1996). 

With decreasing light availability, height growth was significantly reduced in all study 

species except in western larch. The extent of this reduction increased in order of 

increasing shade tolerance (Table 6.2). A n even higher reduction of height growth with 

decreasing light was found for very shade-tolerant Pacific silver fir (Abies amabilis 

Dougl. ex Forbes) and subalpine fir (Abies lasiocarpa (Hook.) Nutt.) (Klinka et al. 1992). 

Studies on natural regeneration support the idea that more shade-tolerant species have a 

lower height growth rate in forest understories than less shade-tolerant species. For 

example, the maximum age of suppressed naturally regenerated saplings of 1.3 m height 

in forest understories was 190 years for very shade-tolerant western redcedar (Thuja 

plicata Donn ex D . Don) (Daniels 1994), 140 years for Engelmann spruce (Varga 1997), 

70 years for Douglas-fir, and 56 years for lodgepole pine (Chen, unpublished data). 
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Table 6.2 Comparison of survival and growth performance for five study species 
compiled from this dissertation using three qualitative interpretive classes: low, 
medium, and high. 

Characteristic Western 
larch 

Ponderosa 
pine 

Lodgepole 
pine 

Douglas-fir Engelmann 
spruce 

Presumed 
tolerance 

very 
intolerant 

very 
intolerant 

intolerant moderately 
tolerant 

moderately 
tolerant 

Survival Low light low low nd1 medium high 

Extent of 
reduction 

high high nd no change no change 

Height growth High light high high high medium low 

Low light high high high medium low 

Extent of 
reduction 

no change low low low high 

Lateral growth Low light nd nd low high nd 

Extent of 
reduction 

nd nd high low nd 

Diameter 
growth 

Low light high high nd low medium 

High light high low nd high low 

Extent of 
reduction 

high low nd high medium 

Total Biomass Low light high high nd low low 

High light high high nd medium low 

r • 

1 Not determined. 
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In low light environments, Douglas-fir saplings had a greater lateral growth than 

lodgepole pine saplings resulting from a smaller reduction of lateral growth in Douglas-

fir than in lodgepole pine with decreasing light availability (Table 6.2). Pacific silver fir, 

a very shade-tolerant species, also exhibits small reduction of lateral growth with 

decreasing light availability (Klinka et al. 1992) resulting in great lateral extension but a 

minimum terminal leader growth in low light environments (Tucker et al. 1987; Oliver 

and Larson 1990; Klinka et al. 1992). 

Diameter growth of planted seedlings was significantly reduced with decreasing 

light availability for all species studied, but the extent of reduction did not show any trend 

which could be related to presumed shade tolerance (Table 6.2). From the full to lowest 

light environments, very shade-intolerant western larch had the greatest decrease in 

diameter growth, followed by Douglas-fir, Engelmann spruce, and ponderosa pine. The 

inconsistent relationship between diameter growth and shade tolerance ranking was also 

reported for naturally regenerated saplings (Lorimer 1983; Pacala et al. 1994). 

Total biomass growth of planted seedlings decreased with decreasing light 

availability for all study species. The extent of reduction in total biomass growth with 

decreasing light did not show any significant difference on both absolute and relative 

measures among planted ponderosa pine, Douglas-fir, and Engelmann spruce seedlings 

(Chapter 5). Furthermore, there was no difference in the relative total biomass growth 

rate among these species, however, due to the interspecific difference in initial total 

biomass that was used to calculate the relative growth rate, less shade-tolerant western 

larch and ponderosa pine had the highest absolute total biomass increment, followed by 

Douglas-fir and Engelmann spruce at any given light level (Chapter 5, Table 6.2). 
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The extent of growth reduction in height, diameter, and total biomass with 

decreasing light availability did not show a consistent trend in relation to shade tolerance. 

This discrepancy suggests the presence of interspecific changes in allometric patterns 

along a light environmental gradient. It also implies that diameter growth and height 

growth are not correlated with total biomass growth well enough to reflect the patterns of 

interspecific biomass growth in relation to light availability. Therefore, the measure of 

growth using either height or diameter alone is not a good measure of shade tolerance if 

ranking shade tolerance is solely based on the total net carbon gain, i.e., growth in total 

biomass. 

Measurement of shade tolerance, however, should be based on both survival and 

growth (Daniel et al. 1979; Lorimer 1983). Survival may be positively correlated to 

growth among different light conditions within a species (i.e., a high survival and growth 

at high light conditions and a low survival and growth in low light conditions such as in 

lodgepole pine and western larch seedlings), but comparisons among species revealed an 

opposite pattern, i.e., a high survival and low growth in shade-tolerant species and a low 

survival and high growth in shade-intolerant species (Table 6.2). Such patterns have been 

reported in several controlled experiments (e.g., Kitajima 1994; Lehto and Grace 1994; 

see Walters and Reich 1996). The trade-off between survival and growth in low light 

environments may be a primary strategy of shade-tolerant species. By developing 

structures that provide the capacity to capture limited light resources, these species can 

survive long enough for gap formation and then respond by increased growth to higher 

light levels. Therefore, the measure of survival should be one of the primary measures of 

shade tolerance. Shade tolerance could also be ranked according to interspecific patterns 
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in height growth, lateral growth, and total biomass growth found in this study because (1) 

more shade-tolerant species had a lower height growth in forest understories and a greater 

reduction in height growth with decreasing light availability; (2) more shade-tolerant 

species had a higher lateral growth in low light environments and lower reduction of 

lateral growth with decreasing light availability; and (3) more shade-tolerant species had a 

lower total biomass growth in any light environment than less shade-tolerant species 

(Table 6.2). 

The Changes in Morphological Characteristics and Physiological Behavior with 

Light in Relation to Shade Tolerance 

With decreasing light availability, naturally regenerated saplings of Douglas-fir allocated 

a greater proportion of growth to lateral than terminal growth compared to lodgepole pine 

saplings (Table 6.3). The capacity to shift the allocation of growth from terminal to 

lateral shoots, i.e., toward a higher efficiency in capturing light in low light environments, 

was recognized for several shade-tolerant tree species. In contrast, shade-intolerant tree 

species tend to maximize height growth in order to penetrate the canopy (e.g., Canham 

1988; Oliver and Larson 1990; Klinka et al. 1992). 

The height to diameter ratio significantly increased with decreasing light 

availability in western larch, Douglas-fir, and Engelmann spruce seedlings, but not in 

ponderosa pine seedlings. The increase in this ratio with decreasing light was also found 

in planted very shade-tolerant western redcedar seedlings (Wang et al. 1994). This ratio 

could be considered an index of crown architecture: the greater the ratio, i.e., terminal 

versus lateral growth, the less efficient crown will be in capturing light in forest 
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understories. This ratio, however, may be confounded with the size of seedlings (King 

1991b). With decreasing light, the extent of plasticity, however, did not indicate any 

consistency with the presumed ranking of shade tolerance among species (Table 6.3). 

Table 6.3 Comparison of morphological characteristics for five study species compiled 
from this dissertation using three qualitative interpretive classes: low, medium, and 
high. 

Characteristic Western 
larch 

Ponderosa 
pine 

Lodgepole 
pine 

Douglas-
fir 

Engelmann 
spruce 

Presumed 
tolerance 

very 
intolerant 

very 
intolerant 

intolerant moderately 
tolerant 

moderately 
tolerant 

Lateral to 
terminal 
growth ratio 

Low light nd1 nd low high nd 

Plasticity nd nd low high nd 

Height to 
diameter ratio 

Low light high low nd high medium 

High light high low nd , h l g h low 

Plasticity high no nd high low 

Above- to 
below-ground 
biomass ratio 

Low light nd low nd high medium 

Plasticity no no nd high low 

Specific leaf 
area 

Low light high low low high medium 

High light high low low high low 

Plasticity. no no low high high 

'Not determined. 
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In low light environments, greater above- to below-ground biomass ratio and 

specific leaf area indicate a higher efficiency in capturing light resources in a limiting 

light environment (Givnish 1988; Wilson 1988; Oliver and Larson 1990; Sims and Pearcy 

1994). With decreasing light availability, the ratio of above- to below-ground biomass 

growth increased in planted Douglas-fir and Engelmann spruce seedlings and this ratio 

was more plastic in Douglas-fir than in Engelmann spruce, while this ratio did not change 

in planted ponderosa pine and western larch seedlings (Table 6.3). 

In addition to its high plastic response in crown architecture and biomass 

allocation, Douglas-fir as well as Engelmann spruce were found also to be highly plastic 

in specific leaf area, whereas specific leaf area in lodgepole was less plastic and not 

plastic at all in ponderosa pine and western larch. In any light environment, Douglas-fir 

always had the highest specific leaf area among the four evergreen conifers while western 

larch, the only deciduous conifer of this study, also had a high specific leaf area. In low 

light environments, specific leaf area in the four evergreen conifers decreased in order 

from Douglas-fir, Engelmann spruce, lodgepole pine, to ponderosa pine (Table 6.3). 

The planted Douglas-fir seedlings also showed plasticity in physiological behavior 

(Chapter 3). The understory-grown seedlings were more efficient in utilization of limited 

light resources to photosynthesize in both steady-state and dynamic light environments 

than open-grown seedlings, and more economical in consuming carbohydrate (Chapter 3). 

They had (i) a greater net photosynthetic rate on the basis of leaf area in low light 

environments, (ii) a greater net photosynthetic rate on the basis of leaf dry mass at any 

steady-state light level except the photoinhibition point, (iii) a faster photosynthetic 

induction response at dynamic light environments, and (iv) a smaller respiration rate than 
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open-grown seedlings. These acclimation patterns were similar to those reported for a 

number of shade-tolerant broadleaf species (e.g., Chazdon and Kaufmann 1993; Pearcy et 

al. 1994; Sims and Pearcy 1994; Tang et al. 1994). 

O f the selected morphological characteristics used as measures of efficiency in 

capturing light resources (i.e., lateral to terminal growth ratio, highest above- to below-

ground biomass growth ratio, and specific leaf area), Douglas-fir had the highest 

plasticity with the change in light availability, followed by Engelmann spruce and 

lodgepole pine while western larch and ponderosa pine did not show any plasticity. In 

low light environments, naturally regenerated Douglas-fir saplings had a higher lateral to 

terminal growth ratio and specific leaf area than lodgepole pine saplings, and the highest 

above- to below-ground biomass growth ratio and specific leaf area among all study 

species in planted seedlings. The efficiency in capturing light in low light environments 

decreased in order from Douglas-fir, Engelmann spruce, lodgepole pine, to ponderosa 

pine, with the exception the deciduous western larch; however, deciduous western larch 

had a high specific leaf area both in high and low light environments (Table 6.3). This 

feature in western larch has been considered as one of the important attributes 

contributing to a high photosynthetic capacity during growing seasons and, hence, to its 

occurrence in evergreen conifer-dominated northern forest ecosystems (Gower and 

Richards 1990). 

Since the general pattern showed the relationships between the selected measures 

of morphological characteristics, such as lateral to terminal growth ratio, above- to 

below-ground growth ratio, and specific leaf area, and presumed shade tolerance, these 

measures may be used as potential differential criteria in shade tolerance classification. 
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Future Studies 

The inconsistency in shade tolerance ranking can be attributed to (i) the fact that much of 

the work on shade tolerance is the result of qualitative field observations on natural 

regeneration in which it was assumed that light availability alone was the determinant of 

survival; and (ii) that the classification or ranking of shade tolerance implies that apparent 

shade tolerance of a tree species is more or less the same across the range of sites in 

which the species may grow and through all stages of its growth. However, the responses 

of tree species in survival and growth to different light environments may vary according 

to geographic areas within the native range of the species (genotypes) and site qualities 

(climatic, soil moisture and soil nutrient conditions) (Carter and Klinka 1992; Kobe 

1996). The capacity of a tree species to tolerate low light environments may also change 

with its size because the proportion of leaf mass decreases with the increase in size 

(Givnish 1988; Sims and Pearcy 1994). In natural environments, as seedlings or saplings 

grow, their light environments change. How to determine the responses in survival and 

growth of tree species across a range of site conditions taking into account changing size 

and varying light environments will continue to be a challenge for plant ecologists. 

In a natural or semi-natural environment, mortality in low light environments 

often occurs during a "harsh" season such as in distinct winter seasons in temperate and 

subtropical regions (Cornelissen 1996; Walters and Reich 1996; Chen, unpublished data). 

The mortality during the winter season may be a result of energy starvation, i.e., 

photosynthetic product is insufficient for the cost of maintenance and construction 

respiration. The high inherent growth rates in shade-intolerant species require a high 

construction respiration. Consequently, the shade-intolerant species die due to energy 
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starvation whereas shade-tolerant species survive by maintaining a minimum growth and 

a low respiration rate. It is also possible that shade-tolerant species during the "harsh" 

seasons may be more efficient in internal translocation such as in transferring sugar and 

nutrients from perishing tissues such as foliage and root tips during the process of 

defoliation and turnover of root systems during the dormant season. 

The development of a quantitatively supported shade tolerance classification or ranking 

must be based on a good understanding of the causes and mechanisms involved in shade 

tolerance. Such an understanding requires, in turn, a thorough inquiry and examination of 

anatomical, morphological, and physiological characteristics, such as biomass allocation 

in various tissues, structural difference of various tissues, the length of foliage retention, 

chlorophyll content, photosynthetic quantum yield, economy of construction costs, etc. 

These characteristics may exhibit temporal as well as spatial variations in different 

components within individual plants. Scaling from the leaf- to whole plant-level, and the 

study of diurnal and seasonal patterns may be important steps toward a better 

understanding of shade tolerance. 
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Chapter 7 . CONCLUSIONS 

Survival of planted seedlings after three growing seasons did not decrease with 

decreasing light availability in Douglas-fir and Engelmann spruce but decreased 

significantly in ponderosa pine and western larch (Chapters 4 and 5). At any given light 

condition, more shade-tolerant species also had higher survival than less shade-tolerant 

species. 

A l l growth measures (height, lateral, diameter, and total biomass) decreased with 

decreasing light availability for all study species except the height growth in planted 

western larch seedlings. With decreasing light, 1) Douglas-fir saplings had a lower lateral 

growth reduction than lodgepole pine saplings and a similar relative height growth 

reduction as lodgepole pine saplings; 2) planted Engelmann spruce seedlings had the 

highest height growth reduction among the four study species; 3) planted Douglas-fir 

seedlings had the highest diameter growth reduction; and 4) there was no difference of the 

extent of reduction in absolute and relative total biomass in planted seedlings of 

ponderosa pine, Douglas-fir, and Engelmann spruce, but ponderosa pine had the highest 

absolute total biomass growth rate in any light environment. 

With the change of light environment, more shade-tolerant species (Douglas-fir 

and Engelmann spruce) exhibited a greater plastic response in lateral to terminal growth 

ratio, above- to belowground biomass growth ratio, and specific leaf area whereas shade-

intolerant species (lodgepole pine, ponderosa pine, and western larch) showed a less 

plastic or non-plastic response in these morphological measures. The measures of 
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photosynthetic behavior of planted Douglas-fir seedlings also indicated that understory-

grown seedlings more efficiently utilized a dynamic light resource, and low PPFDs in a 

steady-state light environment, than open-grown seedling. 

Six measures: 1) survival, 2) height growth, 3) lateral growth, 4) lateral to 

terminal growth ratio, 5) above- to below-ground biomass growth ratio, and 6) specific 

leaf area could be used as differentiating criteria of shade tolerance as these 

characteristics showed either negative or positive correlation with the contemporary shade 

tolerance ranking for the study species. 
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