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ABSTRACT

This is a broad, quantitative comparison of 12 maple species, represenling bolh

canopy and subcanopy growth forms, grown under IWO ecologically relevanl lighl

environments. The maple seedlings responded mainly to lighl inlensily; lighl qualily

plays only a minor role in the induction of shade characlerislics. While a lighl­

mediated trade off belWeen light and dark reactions of pholosynlhesis was evidenl al

the chloroplasl level, lhis did nol lead 10 similar differences in assimilation raies.

Gap-grown seedlings showed no apparent compromise in pholosynlhelic response 10

dim lighl and lightflecks. Seedlings of subcanopy lrees lrade off wood slrenglh for

increases in plant size while canopy seedlings sacrifice piani size for wood slrenglh.

The demand for greater wood strength in seedlings of canopy lrees appears 10 pose a

strong developmentai constrainl that delays maturation. Free of this conslrainl,

subcanopy species can devote more resource 10 reach adult size quickly and al an

earlier age.
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RÉSUMt

Cette étude se veut une vaste comparaison de 12 espèces d'érables, incluant à la fois

des espèces de la strate arbustive et arborescente, cultivée sous deux régimes de

lumière typiques de sous-bois. Les semis d'érables ont répondu principalement à

l'intensité de la lumière; la qualité de la lumière ne jouant qu'un rôle secondaire dans

l'induction des caractéristiques liées à l'ombrage. Bien qu'un compromis, réglé par la

luminosité, ait été observé au niveau des chloroplastes, entre les réactions

photosynthétiques claires et sombres, cela n'a pas entrainé de différences au sein des

taux d'assimilation. Les semis cultivés en trouée n'ont pas affichés de compromis

apparent quant à leur réponse photosynthétique à une faible luminosité ou à une

percée de lumière. Les semis d'espèces arbustives priment la taille à la solidité du

bois, tandis qu'on observe l'inverse chez les semis d'espèces arborescentes. Le besoin

d'une solidité de bois accrue chez ces derniers, semble poser une importante

contrainte développementale qui retarde l'atteinte de la maturité. Libres de cette

contrainte, les espèces arbustives peuvent allouer davantage de ressources afin

d'atteindre la maturité rapidement, et en bas âge.
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PREFACE

1 am required by the Facu1ty of Graduate Studies to reproduce the following
statements:

"The candidate has the option, subject to the approval of their
Department, of including as part of the thesis the text, or duplicated
published text, of an original paper, or papers.

-Manuscript-style theses must still conform to ail other requirements
explained in the Guidelines Conceming Thesis Preparation.
-Additional material (procedural and design data as weil as descriptions of
equipment) must be provided in sufficient detail (eg. in appendices) to allow
clear and precise judgement to be made of the importance and originality of
the research reported.
-The thesis should be more than a mere collection of manuscripts published
or to be published. Il must include a general abstract. a full introduction and
Iiterature review and a final OVera!1 conclusion. Connecting texts which
provide logical bridges between different manuscripts are usually desirable in
the interests of cohesion.

It is acceptable for theses to include, as chapters, authentic copies of papers
already published, provided these are duplicated clearly and bound as an
integral part of the thesis. In such instances. connecting texts are mandatory
and supplementary explanatory material is always necessary.
-Photographs or other materials which do not duplicate weil must be included
in their original form.

-While the inclusion of manuscripts co-authored by the candidate and others
is acceptable, the candidate js TeQllired to maire an explicit statement of who
contribllted to such work and to what extent. and sllpervisors mllst allest to
the accllracy of the claims al the Ph.D. Oral Defense. Since the task of the
Examiners is made more difficult in these cases, il is in the candidate's
interest to make the responsibilities of authors perfectly clear."

The four chapters in this thesis are prepared for submission to scientific joumals. A

published paper (Lei and Lechowicz 1990) in Oecologia 84:224-228 was the result of

data collected during my preliminary field season, but is not included in the thesis.

The general introduction provides an overview of the various physical (i.e. the light

environment) and plant characters considered in this study and parts of it, by

necessity, are reiterated under each chapter's own intrcductions, 'The first persan
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singular is used in the chapters although the publications of these chapters in scientitic

joumals will be co-authored with my supervisor, Dr. Martin Lechowicz.

The preparation of the experimental setups (i.e. spectral tilter for the lath house,

artificial Iight chamber for gas exchange measurements), the design and execution of

the experiments and the data analysis were my own effort in consultation with Dr.

Lechowicz. In his supervisory capacity. Dr. Lechowicz also provided editorial advice

and sorne interpretative input at various stages of the data analysis and manuscript

preparation.

ln accordance with the acceptable thesis format, a statement of my contributions to

original knowledge has been incorporated into the General Conclusions. Since most of

the key findings are "original" in nature, 1chose this format in the interest of

econ'Jmy.

To reduce duplication of describing the experimental methods in the tirst !wo

chapters, 1 have simply included the necessary additional methods in later chapters.

Rased on the same rationale, 1 avoided repetition of the same references cited in each

chapters by having a single Literature Cited following the General Conclusions.



~.

".~

14

GENERAL INTRODUCTION

Part 1: Historicalliterature review and background to the study

While early agronomists were aware that the shade of the pine kills the grass but that

of the fig permits the intercropping of vines (Pliny The Eider), the physical properties

of canopy shade and the adaptive responses of plants have only recently been

quantified.

The influence of irradiance on the growth of both natural and cultivated plants has

been a long-standing concern to botanists and agronomists. Beginning about a century

ago, experimental comparisons of light-mediated plant responses led to the general

view that Most plants can respond to shady environments by an accommodation of

their phenotype that confers a growth advantage (Zon and Graves 1911, Haberlandt

1914, Evans, von Caemmerer and Adams 1988). While evidence for such acclimation

of morphological and physiological traits to sun and shade abounds (references given

in the following sections), the direct linkage between functional plant traits and whole

plant performance (i.e., growth or reproductive success) has not been clearly

demonstrated (Mooney 1991), particularly among woody plants. The overall goal of

my thesis is to attempt to determine the phenotypic responses of maple species to

growth under sun and shade, and to quantitatively link these responses to variations in

seedling growth. As background to that effort, 1 will present a brief review of our

current knowledge of sun/shade ecology focusing on three major topics: 1) the forest

light regime, 2) plant functional response to light limitation and 3) persistence and

survival of understory tree seedlings. 1draw on references for ail woody plants, but

especially for maples and other shade tolerant hardwoods that grow in the forest

understory, at least as juveniles.
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1. Forest Ijght regime

Forest Iight regimes are characterized by full insolation at the canopy crown (2000

IImol m02 sol in summer) and a rapid attenuation of Iight energy through the foliage

(Hutchison arld Matt 1977, RunkIe 1985, Lieberman ~ al 1989, Canham ~ al 1990);

only 1-5 % of full sun reaches the forest floor in most temperate and tropical forests

(Pearcy 1983, Chazdon and Feteher 1984). Concurrent with the reduction in the light

intensity through the foliage layers, there is also a significant change in the spectral

quality of shade light (Lee 1987). Through selective absorption of the chloroplast

pigments, the red [660 nm]-to-far red [730 nm] ratio (R:FR) is reduced from 1.15

(canopy top) to 0.3 (forest floor) (Smith 1981). In the understory of a closed forest

canopy, plants experience prolonged periods of such low intensity, diffuse shade light

punctuated by brighter sunflecks (Wood and Turner 1971, Chazdon 1988, Canham ~

lÜ 1990, Chazdon and Pearcy 1991). Sunflecks, 90% lasting less than 32 s (Chazdon

1988), are present only 5-12 min per day (Canham ~ lÜ 1990), but they conlribute

31-40% to the total daily light energy reaching the forest floor (pearcy 1983, Canham

~ lÜ 1990). While understory plants can generally maintain positive carbon uptake in

the diffuse shade light (light compensation point of species), 40-60% of their daily

carbon gain is derived from the intermittent sunflecks (pearcy 1990) that have the

MOSt direct effect on seasonal growth (Pearcy 1983).

Natural disturbances such as windthrows or ice storms can create gaps within the

intact forest cover (Whitney and Johnson 1984, Pickett and White 1985, Melancon

and Lechowicz 1987, Canham ~ al 1990). Gaps typically occupy 3-25% of a forest

area (Brokaw 1985) with 80% of the gaps less than 150 m2 (Yamamoto 1989, RunkIe

1990). lrradiance, air temperature, moisture and nulrient levels can vary dramatically

in gaps compared to adjacent intact forest, but plant growth is found to associate MOSt

strongly with the higher light level in gaps (MinckIer and Woerheide 1965, Collins ~

iIl1985, Collins and Pickett 1987). The average light level in a gap with a diameter

half the height of the crown is between 20-45% of full sun at the top of the canopy
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(Minkler and Woerheide 1965, Chazdon and Fetcher 1984). With typical latt'ral

growths of 6-14 cm yrl (Hibb 1982), a gap opening of 400 m2 can effeclively

maintain accelerated groWlh in understory seedlings for 8·\0 yrs before c10sure by

lateral growth or an ascending sapling. For both canopy and subcanopy maple trees,

the released growth in the gap plays a major role in l'e2.ching reproduclive size (Hibbs

~ 1111980, Canham 1985). Given that the c10sed canopy shade and the forest gap are

the Iwo environments most relevant to the ecology of juvenile maples, 1conducted the

experiments described in this thesis under light regimes simulating a gap of about 120

m2 an(l the shade of a c10sed canopy. The gap simulation provided 20% full sun and

the shade simulation provided 2.5% full sun with additional sunflecks occurring at

13% of the daylight exposure and lowered R:FR ratio. In one experiment, 1also

simulated an "overcast" environment as might prevail in coastal or high elevation

forests prone to c10udy or foggy weather; this provideti 2% full sun but with no

change in R:FR ratio from that of direct sunlight.

Cbapter 1 reports the responses of~ seedling to light quality and quantity in a

simulated forest gap (bath photosynthetically-active photon flux density [PPFD] and

R:FR high), a closed canopy shade (bath low) and an overcast environment (PPFD

low and R:FR high, similar to the filtering effect of clouds). In recent years, there

has been great emphasis placed on the importance of R:FR ratio as an environmental

cue for plant responses to low light levels (e.g., Smith 1981, Smith and Morgan

1983, Casal and Smith 1989). Virtually ail this work has been on herbaceous species

ineluding the demonstration that roderai herbaceous species detect and respond to the

onset of shading signalled by an increasing R:FR ratio even when PPFD remains high

(Ballaré ~ 1111987, Casai and Smith 1989). In contrast, little is known about how tree

seedlings respond to light quality shifts. In the forest understory, a response to

inereasing R:FR as eue to gap opening rather than shading aetually could be

advantageous. Tumbull (1991) found no difference in the photosynthetie response to

R:FR among tropical tree seedlings of early and late successional stages. This

experiment therefore examined whether maple seedlings responded differently to an
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increase in R:FR ratio a10ne (the overcast treatment) as opposed to the shade

treatment where bath PPFD and R:FR are low.

Il. Plsnt [unctionsl resoonse to Iight limitation

Early experimental evidence for Iight-mediated plant characters was provided by Stahl

in 1880 and 1883 who showed that shading a1tered the laminai thickness and cellular

arrangement in beech leaves (in a review by Zon and Graves 1911). In 1906,

Lubimenko (in Zon and Graves 1911) established that in woody plants 1) leaf and

chloroplast structures are Iight-dependent and together they affect photosynthesis, 2)

chloroplast of shade tolerant species are more efficient at using Iight leading to a

lower Iight compensation level (the irradiance level at which a net carbon uptake

begins) than shade intolerant species, 3) maximum photosynthesis (A,...) differed

among species and is Iikely caused by differences in chloroplast properties. Grafe (in

Zon and Graves 1')11) validated Lubimenko's assertion on photosynthesis by

demonstrating the higher stareh content in beech leaves (shade tolerant) than in birch

leaves (intolerant) at 2% and 10% full sunlight. While later research did much to

elucidate the biochemica1 and physiologica1 basis of shade acclimation (sec reviews by

Boardman 1977, Bjôrkman 1981, Givnish 1988), these carly conclusions remain

centrai to current discussions of Iight-mediated responses at the leaf level.

The current view on the plant response to varying irradiance cao be broadly divided

into leaf level biochemistry, anatomy and physiology, and whole plant structures such

as branching pattern and carbon allocation to above- and belowground parts. The

following is a summary of these topics.

Letif biochemistry- The biochemica1 basis of light acclimation involves both the light­

harvesting photosystems (PS) 1and II in the Iight reaction component and the carbon

reduction cycle (or Calvin cycle) of the dark reaction component (Figure 1; Anderson

Ç1 al 1988). Variations in the amount of each component has a direct bearing on the
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Figure 1. A schematic representation of selected functional traits in a leaf with

increasing magnification from the top to the boltom panels. Given on the right is

the expected direction of trait acelimation to high or low irradiance levels (based

mainlyon Boardman 1977, Bjorkman 1981 and Givnish 1988). The Iight

harvesting complexes (LHC) of photosystem 1 (PSI) and photosystem Il (PSII) are

in close spatial proximity within the thylakoid membrane of the chloroplast.

Within the thylakoid membrane (top arrow), the photosynthetic light reaction

consists of the electron transport chain coupling PSII through Plastoquinone (PQ,

an e- transport carrier) to PSI and ferredoxin (FD, e- carrier). Chemical energy

produced by the light reaction is used to drive the "dark" reaction occurring in the

chloroplast stroma (boltom arrow). The "dark" reaction also requires light

activation on the catalytic enzyme ribulose-I,S-bisphosphate carboxylase oxygenase

(Rubisco). C~ is assimilated via the Calvin cycle with the following

intermediates: RUBP (ribulose-l,S-bisphosphate), PGA (3-phosphoglycerate), T­

Phosp (triose phosphate) and RU-I-P (ribulose-l-phosphate). See accompanying

text in the General Introduction for details on the functional traits given.
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photosynthetic efficiency of the leaf (e.g., Evans à al 1988). In the Iight reaction

component, shade acclimation is associated with greater PSU than PSI to maintain

energy balance since there is a higher flux of 700 nm Iight than 680 nm in the shade

(Bjôrkman à al 1972a, Chow à alI99Oa,b). This leads to a lower chlorophyll a to b

ratio in shade plants (Willmot and Moore 1973, Wild 1979, Wallace and Dunn 1980,

Sims and Pearcy 1989, Thayer and Bjôrkman 1990, Dale and Causton 1992) as ChI b

makes up 36% of PSU and only 10% of PSI (Nobel 1991). Light limitation cao also

increase the overalllevel of the Iight harvesting pigments per unit leaf weight and per

unit leaf nitrogen (Loach 1967, Logan and Krolkov 1968, Young and Smith 1980,

Bjôrkman 1981, Langenheim l:1 al 1984, Evans 1989a,b, Igbuanugo 1989,

Masarovit!ovli. and ~tefant!Ck 1990, Strauss-DibenedeUi and Bazzaz 1991) but not per

unit leaf area (McMillen and McClendon 1983, Pearcy 1987, Sims and Pearcy 1989,

Adamson à al 1991). Electron transport carrier pool size and the number of coupling

factor sites (CF) on the thylakoid (where ATP synthesis occurs) are bath lower in

shade-grown plants (Boardman 1979, Osmond 1987) consistent with the reduced

influx of photon energy they receive. Changes in the chloroplast ultrastructure include

more appressed versus nonappressed grana in shade plants and smaller but more

tightly packed chloroplasts (Bjôrkman à al 1972a, Wild 1979, Kasperbauer and

Hamilton 1984, Igbuanugo 1989, Vidall:1 al. 1990, Adamson l:1 al. 1991); these

a1terations should increase the photosynthetic surface per unit leaf area to improve the

interception of bath diffused Iight and sunflecks.

In the Calvin cycle, the amount of the major carboxylation enzyme ribulose-I,S­

bisphosphate carboxylaseloxygenase (Rubisco) is lower in shade acclimated plants

(Wild 1979, Bjôrkman 1981, Terashima and Evans 1988, Chow l:1 al. 1991). Since 15­

30% of leaf N is invested in Rubisco (Chapin à al. 1987, Sage l:1 al. 1987), there is a

direct relationship between total leaf N and carboxylation enzyme activities (Sage à al.

1987, Seemann à al. 1987, Suzuld à al. 1987, Evans and Terashima 1988, Evans

1989b). Several reports confirm the lower leaf N in shade-grown leaves (Wallace and

Dunn 1980, Gulman and Chu 1981, Langenheim l:1 al. 1984, Pearcy 1987, Walters
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and Field 1987, Fredeen ~ ilI. 1991, Ramos and Grace 1990, Strauss-Debenedetti and

Bazzaz 1991). Since shade leaves are exposed to long periods of low diffuse light,

high levels of Calvin cycle intermediate Metabolites will likely be underutilized. This

is consistent with Seemann ~ ilI.'s (1987) observation that plants grown in high

irradiance have significantly greater Calvin cycle Metabolite concentrations. The

carboxylation process is initiated by light activation of Rubisco through the activities

of CA 1P (2-carboxyarabinitol-I-phosphate, a Rubisco inhibitar) and Rubisco activase

(Kobza and Seemann 1988, Seemann ~ ilI. 1988). We would expect this inductive

process to be greater in shade-acclimated plants since quicker response ta sunflecks

plays an important role in the carbon balance of understory plants. While direct

biochemical measures of the activation kinetics is lacking, shade plants appear to

show greater photosynthetic induction response to sunflecks (Chazdon and Pearcy

198OO,b).

Leqf stnlctures- Leaf anatomical changes in the shade, first described by Stahl in the

1880s, include smaller mesophyll cells and usually only a single layers of palisade

cells (compared with 2-3 layers in the sun) leading to a thinner lamina (Penfound

1931, Wylie 1951, Jackson 1967, Willmot and Moore 1979, Chabot and Chabot

1977, Jurik ~ ilI. 1979, Wild 1979, Young and Smith 1980, Carpenter and Smith

1981, McClendon and McMillen 1982, Corré 1983, Smith and Martin 1983,

Oberbauer and Strain 1985, Goulet and Bellefleur 1986, Yun and Taylor 1986,

Bonger and Pompa 1988, Lee 1988, Vidal ~ ill199O, Adamson ~ illl991).

Correlated with the thinner leaf, specific leaf mass (SLM) is also reduced in the shade

(Chabot and Chabot 1977, Wooge and Barden 1987, Koike 1988) leading ta a

corresponding decrease in maximum photosynthetic capacity of the leaf per unit area

(see Leaf Physiology for references). There is also a strong pattern of increasing

stomatal density with higher SLM within and across species (Young and Smith 1980,

Abrams 1986, Smith and Martin 1987, Bonger and Pompa 1988, Abrams and Kubiske

1990, Masarovil'!ovli and §tefanl'!ik 1990). As assimilation at high irradiance including

sunflecks is partJy limited by stomatal conductance (Woods and Turner 1971, Pearcy
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~m1985, Pearcy 1987), higher stomatal density and larger stomatal pore size may

be considered adaptive in high irradiance environments.

Leq{physiology- Shade acc1imation in assimilation is thought to involve the scaling

down of the photosynthetic apparatus (i.e. single palisade mesophyll layer, lower

SLM, lower Rubisco activity) 10 lower the respiratory demand and the light

compensation point (Ramos and Grace 1990). Leaf density and thickness are highly

correlated with area-based photosynthesis (Pieters 1960, McClendon 1962, Chabot

and Chabot 1977, Ledig and Korbobo 1983, Jurik 1986, Walters and Field 1987,

Koike 1988, Pompa and Bonger 1988, Reich !.1 m1991, Sims and Pearcy 1991,

Tumbull 1991). Within species, dark respiration is lower in shade-grown individuals

having lower SLM (Loach 1967, Chabot and Chabot 1977, McMillen and McClendon

1983, Langenheim ~m1984, Walters and Field 1987, Fredeen and Field 1991).

Plants acclimated to extremely shady conditions cao have a light compensation point

as low as 2.5 l'mol m-2
S·l or 0.13% of full sunlight (a fem Trichomanes ele~ans [Lee

1986] and a marine alga !fui lactuca [Sand-Jensen 1988». Along with an improved

utilization of dim light, shade-grown plants have a lower photosynthesis at saturating

PPFD. This tradeoff is considered adaptive since prolonged exposure to high light

levels is rare in these environments except in the form of sunflecks.

Chapter 1 addresses the question: what chloroplast level traits show acclimation to

simulated gap and shade regimes among forest maple seedlings? Chloroplast level

traits such as nitrogen and chlorophyll content, Rubisco activity and the electron

transport capacity are important leaf properties that are expressed in assimilation

potential and quantum use efficiency. These are properties that cao increase the

marginal carbon budget in a light-limited environment or prevent photoinhibition in

excessive light conditions, both critica1 to the survival of a plant. 1assess whether

these traits in Aw species change in ways consistent with adaptive expectations such

as the tradeoff between light and dark reaction activities (Osmond 1987) and how are
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steady-state and transient (lightfleck response) rates of carbon assimilation influenced

by chloroplast level activities.

Physiological responses to sunflecks have received considerable attention in recent

years because of their importance in the total carbon budget for forest understory

plants (Pearcy 1990, Chazdon and Pearcy 1991). A shade-acclimated plant ideally

ought to possess features that maximize ils capture and utilization of sunflecks. These

features include a monolayer leaf canopy (discussed below), high stomatal

conductance (g,) in dim Iight to facilitate greater gas exchange and more rapid

induction of the carboxyJation process (i.e. the rate of reaching steady-state

photosynthesis). There is evidence suggesting that shade-tolerant plants do mainlain a

higher g, in dim Iight (Woods and Turner 1971) and attain a higher ~tate of

photosynthetic induction (Chazdon and Pearcy 19800). By reaching a higher induction

state when exposed to a sunfleck and minimizing the 1055 of induction during

"darkflecks", an understory plant could maintain a greater seasonal carbon budget and

can potentially atlain a growth advantage over its Jess acclimated neighbours.

However, at present, it remains unclear how leaf biochemical and structural

characters might influence sunfleck utilization, particularly in woody species.

Chapter 3 examines the physiological response of maple seedlings grown under gap

and shade irradiance Jevels. 1will focus on the properties of seedling response to

lightflecks. Although the energetic importance of sunflecks (Chazdon 1986b, 1988)

and their link to understory seedling growth and survival (Pearcy 1983, 1990) is

known, we are Jess certain about what functional traits (such as SLM, stomatal

density and leaf nitrogen) confer superior photosynthetic induction to sunflecks or

how variation in these traits among species and between light treatments influence the

rate of induction. In this study, 1 ask the question do gap-light-acclimated traits

associated with high steady-state photosynthesis compromise a seedling's ability to use

Iightflecks effectively?
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Whole plant strocture- Given the low margin of carbon balance, the aboveground

architecture of a plant in the forest understory can have a significant influence on its

growth and survival. A monolayer branching structure presents the most efficient Iight

intercepting surface (Hom 1971) with minimum self-shading. This growth form is

achieved through increased lateral branch extension (sympodial shoot) or a flexible

main stem (Veres and Pickett 1982, Chabot-Jacquety ~ ID 1986) and it sacrifices

vertical height extension for a broader canopy. The selective advantage of sympodial

growth forro is demonstrated in Japanese maple species where 40% of subcanopy

species were sympodial white it is only 20% in canopy species (Ogata 1965, Sakai

199Oa). White there is an apparent architectural dichotomy among the adults of the

maple species, it is not certain what developmental program juvenite maples follow

growing in the same understory environment.

Consistent with the economics of biomass allocation (Bloom ~ ID 1985), plants grown

in dim Iight invest proportionally more to shoot than root in herbaceous (Cid­

Benevento and Werner 1986) and woody species (Marks 1975) to improve the capture

of photon energy. When irradiance levels are high, maintenance of photosynthetic

activities impose a greater demand on water and nutrient supply by fine root growth.

For Iight limited woody plants, however, the critical factor is how to effectively

partition the aboveground biomass to maximize Iight interception. White the non­

productive woody tissue function as carbon sink Iimiting resources available to the

photosynthetic apparatus, it is necessary for the display of leaves and provide

structural integrity to the plant. Higher efficiencies of leaf display (Ieaf area to stem

mass) could improve the whole plant performance of understory plants (Chazdon

1985, 19800, Canham 1988a, Lee 1988). To infer the presence of adaptive geometry,

we need to clearly demonstrate the Iink between plant architecture and the relative

whole plant performance in Iight limited environments.
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III. Persistence and survival of understory tree seedlings

Forest tree seedlings experience high levels of mortaIity in their tirst years of growth

ranging from 35% in Am saccharum (Helt and Loucks 1971) to 88% in!L

pensylvanicum (Hibbs 1979) and 100% in several shade intolerant tropical species

(Augspurger 1984a,b). The major causes of mortaIity in the tirst year are often fungal

and pathogen infections in the moist understory environment (Vaartaja 1962,

Auspurger 1984a,b,c, Khan and Tripathi 1991). After surviving the tirst year, during

which the seedling may be sustained by the nutrient reserve in the cotyledons (Grime

and Jeffrey 1965, Augspurger 1984a), further growth and survival are critically

dependent of autonomous energy capture and appropriate re.source allocation.

Signiticantloss of older seedlings under closed forest canopy is evidently due to a

failure to maintain a positive carbon budget particularly when seedling density is high

(Harper 1977), as in a patch of forest floor immediately following canopy gap

closure. 80th seedling survival rates and densities were higher in forest gaps relative

to adjacent shaded sites (Augspurger 1984a,b, Oberbauer and Strain 1985). Since gaps

are ephemeral, rapid response in growth before canopy closure could confer

considerable competitive advantage to a seedling or sapling. Most canopy trees

undergo several bouts of rapid growth during rare gap events to reach the forest

crown (Canham 1985, Runk1e and Velter 1987, Runk1e 1990). An Am saccharum

seedling may spend 90 years and three gap events in the understory before reaching

the canopy crown (Runk1e 1982, Canham 1985); adult titness in this r..anopy species

thus depends on both its ability to ascend to the forest crown during accelerated

growth in forest gaps and its persistence through the deeply shaded interims. In

contrast, a subcanopy species such as A.. pensylyanicum may require only a single

gap to atlain mature size (Wilson and Fischer 1977, Hibbs ~ l.Ù 1980). White we

know maple seedlings are capable of surviving under closed canopy for more than 15

years (Heu and Loucks 1971, Hibbs 1979), direct demonstrations of what functional

traits confer such shade persistence is lacking. Given that seedling growth

performance in height and biomass accumulation contribute substantially to increased
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juvenile survivorship and earlier age of reproduction, by measuring those plant traits

that affect seedling growth, we can OOgin to make useful inferences on the

contribution of traits to components of fitness in maples.

If we accept light as the main physica\ factor of selection in the understory shade and

gap environments (Woodward 1990), then two tree seedling properties could carry

significant adaptive value. First, under a closed canopy, the seedling must persist with

marginal net carbon gain until the next gap opening (Bjôrkman 1981, Teskey and

Shrestha 1985). This may include efficient leaf display, low respiratory costs to roots

and shoots, high assimilation rates in low diffuse irradiance and high rates of

physiologica\ induction to sunflecks. Second, with the creation of a gap, a seedling

must respond rapidly with increases in size and height OOfore crown closure. This

requires the appropriate shift in leaf traits to utilize the increased irradiance and a

priority to height extension. Clearly, these two properties involve the functional

integration of processes ranging from the chloroplast to the pattern of biomass

allocation. Recent studies have demonstrated the need to consider a suite of traits to

effectively characterjze the functional structure that influences reproductive fitness in

herbaceous species (Maddox and Antonovics 1983, Lechowicz and Blais 1988, Farris

and Lechowicz 1990); there have been no similar studies on how traits interact in

woody species to affect whole plant performance.

Chapter 4 addressed the question: how do we oost account for variations in seedling

growth based on an integration of key functional traits in maple species7 Since growth

is largely determined by the interaction among traits that affect the production and

utilization of carbon, in this study, 1wiII consider the effect of bath photosynthesis

and wood and root activities on growth. In long-lived woody seedlings, gains in size

and height are linked to survival and competitive ability (King 199Oa,b, Kohyama

1987, Kohyama and Hotta 1991). Since subcanopy species mature in the understory,

it is reasonable to expect even the seedlings to maintain a broad plant canopy that

improves light interception. To attain reproductive size, canopy seedlings must place a
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growth priority on the vertical ascent to the forest crown but this could compromise

their ability to persist under a c10sed canopy. 1 will verify these expectations by

measuring the relative growth rates of height, total twig length and stem basal

diameter between canopy and subcanopy seedlings.

Part 2. General approach to the study

1. The Acer species

The choice of Am species in this broad comparative study is based on the

unambiguously defined taxonomy of this genus and the diverse species occurring in

Asia, Europe and North America (Cronquist 1981, Rôhrig and Ulrich 1991). By

selecting a group of Am with similar ecological association within the temperate

forest but diverse in geographical origins (Figure 2, Appendix 1) and growth forms, a

sound basis for quantitative comparison of variations in process and performance is

established.

The genus Am L. has about 140 species of evergreen and deciduous trees in the

family Aceraceae (Order Sapindales).~ shares the family with one other genus

pipteronja with two species in China. The most recent systematic treatments of .Am

(Ogata 1967, De Jong (1976) bath depend heavily on floral morphology and gender

expression; Tanai (1978) c1assified the genus based on leaf vein architecture and Fang

(1981) presents a more c1assical treatment of Chinese~ (comprising 70% of all

species). The earliest fossil record of Am is from the early Tertiary in the Northern

Hemisphere (Tanai 1978). While continental disjunction between the eastern Asia and

eastern North American has existed since mid-Tertiary (White 1983), close phyletic

affinity is still evident: for example, A. rufinerye (Asia) - A. pensylyanjcum (eastern

North America), A... ukuruduense (Asia) - A. spicalum (eastern North America) (Li

1952); A... Ïillxmjcum (Japan) - A... circinatum (western North America) (Kruckeberg

1983). Relative to Asia, the lower species diversity of maples in North
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Figure 2. The geographical origins of the Am species used in the sludy. Each sel of

leaves shows the typical range of size and form for each species with the middle

leaf or leaves representing the mean. Subcanopy species are framed and canopy

species unframed. No canopy species from Asia were successfully established in

sufficient quantity to use in these experiments. Am platanojdes has only a

European distribution range.
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America and Europe is attributed to the effeet of repeated widespread glaciation in the

Quatemary (Davis 1983, White 1983). Ali Am species are hypostomatous and have

diffuse-porous wood anatomy (Ogata 1967, Powers 1967).

In this study, 12 Acer species representing two growth form classes (canopy and

subcanopy) were raised from seed to provide the basis for the comparison among

congeners. Figure 2 ilIustrates the geographical sources and the cornmon leaf sizes

and forms of each Am. Growth form classes were determined based on published

height and habitat data (Fang 1981, Fowells 1965, Hosie 1979, Ogata 1965,1967,

personal observations). In generai, the average reproductive size of subcanopy species

are Sm, and >30 m for canopy species. To assess the within species variations, two

populations from each species were used (Chapter 2-4). Seeds were acquired from

various commercial, research institute and personally colleeted sources (Appendix 1).

Germination procedure, dates of seedling establishment and greenhouse rearing

conditions for the maple seedlings are also given in Appendix 1.

n. Functlonal design throullh trait Integration

To make the link between process (i.e., the functional design) and performance (i.e.,

relative growth rate, RGR) that forms the basis for the adaptive argument, 1

monitored a suite of structurai and physiological traits and determined the RGR in

height, total twig length and basal diameter in the seedlings of 12 Am species. The

seedlings were 2-3 years old thus avoiding responses that mig;,t be confounded by

cotyledon reserves if first-year seedlings were used. The seedlings were transferred to

the experimental treatments from a common growth environment in the McGilI

Phytotron (about 50% full sun exposure). This in effeet simulates the process of

canopy closure for those seedlings placed in the shade treatment and continued gap

exposure for gap treatment seedlings. Since maple leaf morphology is strongly

determined by irradiance level during leaf expansion (Isanogle 1944, Critchfield 1971,

Goulet and Bellefleur 1986) and less affected by early leaf primordia development in
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the previous summer (such as in~ sylvatica, Eschrich ~&1989), the overall

effect of the previous growth environment on the experimental seedlings is considered

minor in comparison to their responses to the experimental treatments.

A previous study of three co-occurring maple species in eastern North America

showed that relative to the IWo subcanopy species PL. pensylvanicum and A.. &pieatum,

saplings of the canopy species PL. saccharnm had tougher leaves and greater wood

density (Lei and Lechowicz 1990). For PL. saccharnm, these are traits beneficial to the

adult canopy tree that are a1ready expressed in the sapling stage. From these results,

we suggest that juveniles of canopy and subcanopy maples May follow different

developmental programs dictated by the constraints imposed on the adult tree. Using a

larger set of species representing the two growth forms, this study is better able te

quantitatively evaluate the variation among canopy and subcanopy seedlings across a

broad range of functional traits.

This integrated approach to assessing the effect of a suite of interacting traits on the

growth of tree seedlings addresses a past deficiency in the ecophysiological literature.

Although evidence for the functional significance of differences in structure and

physiology among hardwood trees abounds (e.g., Hicks and Chabot 1985, Givnish

1986), very few studies have attempted to relate functional traits with overall

measures of plant performance, such as growth and competitive ability (e.g., Küppers

1984a,b,c, 1985). Although the link between single traits and fitness is not always

apparent (e.g., Lechowicz 1984), changes in plant characters in different

environments are often viewed as functionally adaptive without direct reference te the

overall growth responses (e.g., Boardman 1977, Wallace and Dunn 1980). Recent

studies have demonstrated the need to consider the interaction among somatic traits

such as photosynthetic capacity and resource allocation patterns in determining whole­

plant success (e.g., Chapin ~ al 1987, Lechowicz and Blais 1988, Evans 1989, Farris

and Lechowicz 1990). This approach emphasizes a parsimonious depiction of

functional complexity, while avoiding facile adaptive inferences. Such studies in
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woody perennials are virtually absent (but see Atipanumpai 1989, Ceulemans 1990)

yet critical to our understanding of the fitness consequences of resource limitation in

long-lived species.

1 used path analysis for the integrated assessment of process and performance (Wright

1921, Li 1975). This is a multivariate analytical method that allows the investigator to

construct a functional design model (the path diagram, Figure l, Chapter 4) that

depicts the relations among a parsimonious set of traits and their effeet on whole plant

performance (e.g., Kinsolver and Schemske 1990, Mitchell 1992). While earlier

applications of path analysis dea1t with intraspecific functional processes (e.g., Evans

1989, Farcis and Lechowicz 1990), this study attempts to capture the effeet of

intrageneric variation in functional traits on maple growth. This "maple" model

assumes that these c10sely related species share a common Bauplan. In comparing

congeners, the interpretation of the contribution of particular functional processes to

variations in performance will he less confounded by extraneous causes arising from

phylogenetic differences. In effeet, this approach increases the power of functional

interpretation from a single species to a broader phenotypic range and still retains the

necessary taxonomic resolution.
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CRAPI'ER 1: The effects or ligbt quality and quantity on

seedlings or 11 canopy and subcanopy AnI species

Abstrad

Two- and three-year-old seedlings of 5 canopy and 6 subcanopy~ species were

grown under three light treatments: "gap" (pPFD=400 l'mol m'2 S·I; R:FR= 1.12),

"shade" (PPFD=SO l'mol m'2 S·I; R:FR=O.6), and "overcast" (pPFD=30 l'mol m'2

S·I; R:FR=l.03). Gap seedlings had significantly greater height growth, greater

specific leaf mass (SLM), higher root:shoot ratio and higher maximum photosynthetic

rate compared with both the shade and overcast treatments. The R:FR ratio difference

between shade and overcast had no significant affect on plant traits. These results

suggest that, in maple set:dlings, shade acclimation is mainly a response to light

intensity and that R:FR plays only a minor role in induction of shade characteristics.

This is consistent with other findings that only shade intolerant herbaceous and woody

species exhibit a strong "shade avoidance" response to lowering R:FR ratio. The lack

of R:FR response prevails regardless of differences in the adult size of canopy and

subcanopy species and the associated contrasts in juvenile traits. Given that shade

tolerance is critical to maple seedling survival in the forest understory, a shade

avoidance response suited to species growing in open habitats may not have a

selective advantage.

Introduction

Light quantity traditionally has been considered the most apparent factor affecting

plant growth in the forest understory (e.g., Bjôrkman 1981) while light quality bas

been considered to act only on more specific stages of understory life history such as

seed germination (e.g., Smith 1981, Vasquez-Yanes and Smith 1983). Light quality,

specifically red to far red ratio (R:FR), is frequently cited as an important factor for

growth in more roderai environments where shading has a more Immediate impact on
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the fitness of sun-adapted plants Ce.g., Smith and Morgan 1983. Ballaré ~ al. 1987).

Although there is a concurrent reduction of both PPFD and R:FR under increasing

foliage shading (Lee 1987), in some situation such as coaslal fog forest and montane

cloud forest (e.g., Vogelmann 1973, Cavelier and Goldstein 1989), vegetation is often

exposed to low PPFD but R:FR more similar to direct sunlight (Gates 1980). There

are strong indications that plants are able to detect changes in light quality (R:FR) by

phytochrome and light intensity (Blue light 400-500 nm) by cryptochrome;

photomorphogenetic changes appear to occur under a yet unspecified interaction

belween the Iwo photoreceptors (Morgan and Smith 1981; Mancinelli 1989). This

suggests that the expression of shade-adapted or shade-avoidance characters may be

the result of an integrated perception of bath light intensity and R:FR ratio. Casai and

Smith (1989) suggest that plants cao evaluate the light environment by weighing

changes in PPFD versus R:FR and respond adaptively.

Several recent experiments have shown that shade intolerant herbaceous and woody

seedlings respond to reduced R:FR in ways consistent with an attempt to avoid

shading by neighbours (e.g., Ballaré mal. 1987; CasaI and Smith 1989; Warrington m

1111989). Morgan mal. (1983) found sproce seedlings responding to changing light

quality by greater stem extension, a response similar to the roderai herbaceous species

(Morgan and Smith 1979). Law R:FR also promotes epicotyl growth of Pinus

thunbereii (Morikawa mIII 1976) and increase in stem extension in European oak

COuercus mhw:) (Axelsson mIII 1979). Older seedlings of bath Australian softwoods

(Warrington m1111989) and leguminous vines (Lee 1988) show increased shade­

avoidance behaviour such as greater intemoda\ length when low PPFD was combined

with low R:FR compared with high R:FR. It appears then that seedlings of light­

demanding woody species show shade-avoidance growth similar to roderai herbs but

more shade-tolerant tropical and coniferous species are less responsive to changes in

light quality (Kwesiga and Grace 1986; Warrington m1111989).
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The present study of eleven Am species is the first to test the effects of bath light

intensityand R:FR on temperate hardwood trees.~ seedlings growing in the forest

understory experience persistently low diffuse light of low R:FR ratio punctuated

periodically by sunflecks of high PPFD and R:FR. Sorne Am species reach maturity

only after reaching the forest canopy (e.g., A... saccharnm> while others complete their

life cycle entirely in the subcanopy (e.g., A... pensylvanicum>. Studies by Lei and

Lechowicz (1990) and Sakai (l99Oa,b) agree that there is a difference in structure

between the two life history classes of forest species of Am. Canopy species even in

the 5el;;(Jling stage, express traits such as stronger wood and tougher leaves that are

more adapted to demands of the seedlings' canopy position at maturity. Seedlings of

canopy species that must reach the forest crown to reproduce should respond more

strongly to an increase in R:RF ratio as a cue to the occurrence of a canopy gap,

while subcanopy species may be more shade-tolerant and less responsive to changing

light quality. Early growth response to a gap opening might be considered adaptive,

but is it sufficientto increase R:FR alone to effect such changes in plant traits that

represent a "gap" response or must PPFD also increase'1 Given the critica1 importance

of canopy gaps in maple ecology (Wilson and Fischer 1977, Hibbs et al 1980,

Canham 1985, 1988a), that is the question addressed experimenta1ly in this chapter.

Methods and Materials

To address the question of light quantity and quality responses in juvenile Am,

seedlings of 5 canopy and 6 subcanopy species were grown under three light regimes

that simulate a forest gap (intensity and R:FR bath high), a closed canopy (intensity

and R:FR bath low), and an "overcast" environment (intensity low and R:FR high).

Structural and physiologica1 traits and growth among the light regimes were compared

to partition the effect of light quality and R:FR ratio in species and in life history

classes.
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The two- or three-year-old seedlings of eleven Am species used in the experiment

(Figure 1) were raised from seed in a common environment in the McGiII Phytotron.

In April 1990, the seedlings were transferred to a lath house at the university's Mont

St. Hilaire Research Ceii:_e (45"33'N, 73"09'W) where leafing out took pl&ce in the

Iight treatments described helow. Seedlings were grown in cylindrical Plexiglas

"rhizotrons" (7.7cm in diameter and 61cm in height) filled with commercial top soil

(Fafard et Fréres Liée, St. Guillaume, Quebec) and covered with an opaque plastic

wrapping that could he removed to assay root characters. During the experiment,

seedlings were fertilized with Hoagland's solution (Dunn and Arditti 1968, Version 2)

once a week, and watered regularly.

Experimental plants were arranged in four blacks in each treatment, one seedling per

species-population per black. There was minimum shading from neighbouring plants.

Analysis of variance showed no significant black effect in traits measured and black

effects will not he considered in subsequent analyses. Plants were taken temporarily

indoors (by random treatment and black) and placed under standard Iighting

conditions for dynamic and steady-slate gas exchange measurements.

Experimentallieht treatments

~ seedlings were grown under three Iight treatments in the lath house: gap, shade

and overcast. The gap treatment with lath cove":-o:: the compartment's roof and sides

simulated a relatively small forest gap. The !;,il' "r;" )7% open area reduced

irradiance to an average of 400 l'mol m-2 S-I w,r . ,("d to far red ratio (R:FR) of 1.1

(Figure 2). R:FR ratio (photon fluence rate (655-665 nm)/photon fluence rate (725­

735 nm; Smith 1981) was measured with a Li-Cor 1800 Spectroradiometer. To

simulate a c10sed forest canopy, the shade compartment was covered with a spectral

tilter covering the lathed roof and sides to 1 m from the ground. The lower portion of

the compartment was shielded with 32% transmittance shade cloth (Les Industries

Harnois Inc., St-Thomas-de-Ioliette, Quebec). The spectral tilter consisted of
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Figure 1. Experimental design showing the three treatment light regimes and the Agr

species and populations used within each growth form class. Total number of

seedlings used in the experiment was 168 (4 replicates per species-population per

treatment). For seed source information, see Appendix 1.
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TREATMENT CLASS SPECIES POPULATION

A. macrophyllum Pursh. MA1
A. nigrum Michx.1. NI1

A. platanoides L. PL1

CANOPY A. rubrum L. RU3

A. saccharinum L. SA1

SA3

A. saccharum Marsh. SR3
GAP

(20 % FULL SUN

R:FR=1.12) A. buergerianum Mlq. BU1

A. ginnala Maxim. GI7
GI8

SUBCANOPY A. pensylvanlcum L. PN1

A. ruflnerve Sieb. et Zucc. RF1

A. spicatum Lam. SP1

SP6

CANOPY

SHADE

(2.5 % FULL SUN

R:FR=0.6) SUBCANOPY

CANOPY

OVERCAST

(1.5 % FULL SUN

R:FR=1.03) SUBCANOPY
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Figure 2. Spectral distribution of the three treatments and of full sun for comparison.

Measurements taken at solar noon, August 18, 1990 under clear skies. Red and far

red regions are indicated.
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alternating strips of filter pigments (17 cm) and clear (2.5 cm) bands on polyurethane

sheet (Durafilm l, CIL, from Les Industries Harnois Inc.). The banding pattern,

perpendicular to the solar !rack, created alternating sunflecks and shade lasting 2 min

and 13 min respectively at the plantlevel 1.5 m below the lath house roof. The

mixture of filter pigments used was 1 g 14-4006 Hostaperm Violet RL SP to 0.25 g

HS-loo Solvaperm Yellow G (bath from American Hoechst Co., Somerville NJ,

USA) dissolved in 30 ml of 3:2 varnish-paint thinner base. The pigment mixture used

follows Lee (1985) but without the carbon black. In the shade treatment, mean PPFD

was 50 "mol m'2 5.1 and R:FR was 0.6, but bath variables were substantially higher in

sunflecks (Figure 2 in Chapter 2). These two treatments represent distinct

combinations of light quality and quantity that approximate natural conditions found in

forest gap and under closed forest canopy (Minckler and Woerheide 1965, Lee 1987,

Messier and Bellefleur 1988). The overcast treatment was designed to simulate the

natural light properties of low PPFD and high R:FR prevailing during heavy cloud

coyer. The treatment consisted of 10% transmittance shade c10th on the roof (without

lathe) and 17% transmittance shade c10th on ail four sides. Irradiance under this

treatment was 30 "mol m'2 S'1 and R:FR was comparable to gap (Figure 1,2). This

treatment provides a combination of light quality and quantity allowing the evaluation

of their independent effects on Am seedling growth by comparison to the shade and

gap regimes.

Li~ht chamber desi~n for ~as exchan~e determination

Two complete sets of photosynthetic measurements were taken on June 26-July 2 and

July 23-30, 1990. Photosynthesis, leaf internai CO2 and stomatal conductance were

determined with a LiCor 6200 Portable Photosynthetic System (Lincoln, Nebraska,

USA). Photosynthetic responses of seedlings were measured under standard artificial

light conditions in the Mont St. Hilaire Research Centre a few meters from the lath

house. Plants were acclimated under dim light for at least one hour. Lighting was

supplied by a mixed array of fluorescent tubes and incandescent bulbs, mean PPFD
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was 29 /-lmol m'2 S·I at 124 cm from source and R:FR was 0.95. Photosynthesis was

measured under dim Iight on one randomly selected leaf per plant after the

acclimation period. Seedlings were then moved under a GE Cool Bearn Flood Lamp

(300W PAR 56/2MFL) suspended over a 5 cm thick thermal barrier. Mean PPFD

was 1260 /-lmol m-2 S-I and R:FR was 1.9. Estimates of photosynthesis after 0.5 min,

4.5 min and 24.5 min of exposure to this bright light were taken on the same leaf

measured under dim light. This procedure simulates the photosynthetic inductive

response of a dim-Iight-acclimated leaf to a saturating sunl1eck of the three durations.

Photosynthesis at 24.5 min is referred to as Am.. based on preliminary determinations

that the seedling response curves began to plateau at approximately 10 min in ail the

~ species. Repeated handling of the same leaf at these time intervals had no affect

on the photosynthetic activities.

Plant characters

In June 1990, fine root (S 2 mm dia.) density was estimated by counting the number

of intercepted fine roots along six circumferences (24.2cm each) of the "rhizotron" at

5, 8, 26, 29, 47 and 50 cm depths. A record of the root positions along the transects

was kept on acetate sheet. One month later, a second census was taken at the same

positions and by overlapping the two tracings. 1estimated fine rOOL l'roduction as the

number of new roots intercepting the six transect lines on the secor.a census.

Production rate is expressed as number of fine roots per cm per day between the

censuses.~ root growth is maintained at a steady rate from June to senescence

(Millard and Proe 1991) and root production rates determined in this study are

representative of the summer belowground growth activities.

On September 22-23, 1990, abaxialleaf <Am is a hypostomatous genus; Powers

1967) impressions were made with clear nai1 polish for stomatal density and pore

diameter measurements (Lei and Lechowicz 1990). Impressions were taken from three
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randomly chosen leaves per plant. We made three stomatal density counts and four

stomatal pore diameter measurements per impression.

After leaf impressions were col1ected, a1lleaves from each plant were harvested. A

random subsample of 10 dises (19.8 mm2) from 5 leaves was used to determine

specific leaf mass (SLM); the remaining tissue was kept in a freezer (-I8"C) for

subsequent chlorophyl1 determination. A LiCor Area Meter (Li-3100) was used ta

measure total leaf area. Lengths and number of shoots on each plant were recorded,

leaf, twig and roots were separated and oven-dried for biomass determination. Plant

height and basal diameter were measured in May and in September.

Chlorophyl1 a and b levels were determined on freshly frozen leaves (one pooled

sample per tree) using a DMSO extraction method (described in Appendix 2)

modified from Hisox and Israelstam (1979). No chlorophyl1 degradation products

were evident as a result of this procedure (Figure 1 in Appendix 2). Leaf N was

determined by a standard Kjeldahl digestion method (Lechowicz and Blais 1990

unpublished) using a pooled sample of oven-dried (70"C) leaves for each plant.

Ground leaf samples (O.I00g each) were digested using 6 selenium catalyst granules,

0.5 g of K2S04, and 5 ml of concentrated H2S04• Average time of digestion was

about 90 min. Nitrogen levels obtained were comparable to those reported for mature

IL. rubrum trees at 1.98% (upper crown) and 1.93% (Iower crown) (Erdman and

Crow 1988).

Statjstical methods

Differences between Iight treatments, growth form classes and species were analysed

using Procedure GLM in SAS (1988) for a three-factor mixed model using the

appropriate MS error terms (Table 1). To properly partition the sources of variance,

traits without significant interaction terms (at P=O.OS) were re-analysed using an

adüiüve model (by removing the interaction terms); the outcome remained essentially
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Table 1. Partitioning of variances in the three-factor mixed model
experimental design. Treatments= gap, shade and overcast; class= canopy
and subcanopy species. Species and populations used are given in Figure
1. Expected MS were derived from Winer (1971). The appropriate error
terms are used in the GU~ procedure of SAS.

SOURCE OF VARIATION TREATMENT DF EXPECTED MS
EFFECT

TREATMENT FIXED 2 E(MS.) =6',+46'.c+566'E (a)

CLASS FIXED 1 E(MS.)=6',+126'c+846'E( p)
TREAT*CLASS FIXED 2 E(MSAB ) =6',+46'.c+286'••

SPECIES(CLASS) RANDOM 12 E(MScl=6',+126'c

TREAT*SPECIES(CLASS) RANDOM 24 E(MS.cl-6',+46'.c
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unchanged. Imbalance in the model (in the analysis, the number of species-population

was 6 for subcanopy and 7 for canopy c1ass) was a source of concem in the proper

estimation of variance terms in the full model. To test the magnitude of this possible

effeet, data were reanalysed by removing a replicate population from PL. einnala, PL.

saccharinum (subcanopy), and PL. nierum (canopy, closely related to PL. saccharum)

subcanopy c1ass; no differences with the original model were found.

Resolts

Plant size and shoot erowth

At the star! of the experiment, the plants randomly assigned to the three light

treatments and those in the two growth forro classes were ail of similar size (Figure

3). At the oulset, canopy plants tended to have a larger stem for a given height than

subcanopy ones, a refleetion of the inherent architectural difference belween the Iwo

growth form classes. By the end of the experimental season, ail seedlings showed

significant increase in size. Increases in gap plants were three times greater than in

the two low PPFD treatments bath of which had seedlings similar in size. In addition,

there were no differences between shade and "overcast" seedlings in apical shoot

length and the sum of ail current year twig lengths (not shown). Difference in R:FR

in the two low PPFD treatments did not have an effeet on stem growth of maple

seedlings.

1Af and root strucluml traits

Leaf chamcters were significantly different between gap and the Iwo low light (shade

and overcast) treatments but showed no difference belween the Iwo low irradiance

treatments. SLM, leaf display index (totalleaf arealtotal twig length), root:shoot mtio

and fine root density were lower in shade and "overcast" and significantly higher in

gap (Figure 4). Higher SLM was associated with thicker leaves and greater
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Figure 3.~ seedling size (mean± ISE) before (Iower point of each pair) and after

(upper point of each pair) the experiment. Bach point represents the mean of 28

plants (seven species-populations, 4 replicates each; see Figure 1).
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Figure 4. Summary histograms of traits in Am seedlings representing the canopy

(open bar) and subcanopy (solid bar) growth forms when grown under the three

Iight treatments. Each bar represents the mean (+ ISE) of 28 plants (seven species­

populations, 4 replicates each; see Figure 1).
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photosynthetic capacity (A.... in Figure 4). Leaf display index refers to the amount of

photosynthetic surface area to woody support structure; the greater the ratio, the Inore

efficient the display of assiJllilation surface. Canopy seedlings had more efficient

display relative to subcanopy in ail three treatments. Gap plants allocated more

assimilates to the roots resulting in 70% of total biomass belowground versus 50% in

the low PPFD treatments. This pattern is retlected in the fine root density in which

gap plants were three times denser than the other treatments. As expected, fine root

production rates (FRP) was also much higher in gap plants but when FRP rates were

estimated per unit total root density, there wer~ no difference between treatments: the

daily fine root replacement was approximately 3% per plant in July. Root architecture

appears similar among species except in A... Spicatum which produced more numerous

slender roots. Stomatal density was lower in low PPFD treatments; there was grealer

variation in stomatal density in subcanopy species compared with canopy species.

Leaf biochemjcal traits

Leaf N and chlorophyll content followed expected trends between high and low PPFD

treatments: leaf N was significantly higher in shade and "overcast" plants and

subcanopy plants tended to show lower leaf N than canopy plants at each treatmenl.

Chlorophyll a:b was significantly higher in gap plants of each class (Figure 4) but gap

plants had lower level of total chlorophyll (3.7 mg g'.) than shade (4.8 mg g.l) and

"overcast" (4.3 mg g.I), The trend of lower chlorophyll a:b in subcanopy plants in

each treatment is the resu1t of 10% lower chlorophyll a content relative to canopy

plants. Between the Iwo low PPFD growth environments, the level of total

chlorophyll was higher in the shade (Iow R:FR) than in the "overcast" (high R:FR)

treatment; ChI a:b showed only a marginal corresponding increase in these two

treatments.
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Physjologiçal traits

Gap-grown plants attained higher maximum photosynthetic rates (A""J when they

were monitored under saturating artificial light (Figure 4). This is consistent with

their higher SLM which is correlated with assimilation potential. Plants in the low

PPFD treatments did not reach the same level of A",.. but were able to maintain

significantly higher assimilation rates under low artificiallight. These results indicate

that there is a trade off in photosynthetic performance under satulating and dim Iights

for all~ seedlings affected by the lib~ " regime during growth. Again, R:FR

appears to have no effect on photosynthesis between the two low PPFD treatments.

Low PPFD seedlings were initially able to attain a higher state of induction than gap

plants (Figure 5). They maintained a higher induction state when acclimated to dim

Iight (30 /lmol m'2 5,1) and at 0.5 min after exposure to bright Iight (1260 /lmol m'2

5,1), but the difference was lost after 4.5 min. These results suggest that based on

photosynthetic induction rate, low PPFD plants were able to utilize short pulses « 1

min) of sunflecks more effectively, however, if we consider the actual photosynthetic

rates at 0.5 min, this is not the case. At 0.5 min, photosynthesis was 2.6 /lmol m'2 5.1

in the gap-grown plants, 60% higher than the low PPFD-grown plants.

DISCUSSION

These forest~ species did not respond to high and low R:FR ratio alone (between

shade and overcast treatments) in any of the structural and physiologicai traits

examined. This agrees with the expectation that shade-tolerant plants (including all

~ species) arc iess sensitive to Iight quality serving as a cue of changing Iight

environment. Shade-avoidance through stem extension is selectively advantageous for

a plant only if such behaviour succeeds in moving its productive surface area (i.e.

leaves) into a location of higher PPFD. Previous reports on Iight responses of tree

seedlings indicate shade-intolerant species such as f. radiata show greater stem

extension when grown under high R:FR (Morgan ~ al 1983, Warrington ~ al 1989).
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Figure 5. Transient photosynthetic performance of Aw seedlings in dim light

(acclimated for > 1 hr) and in bright Iight. Each point represents the mean of 28

plants (seven species-popul~tions, 4 replicates each; see Figure 1) of a given

treatment and growth form combination. Photosynthetic induction state is the

fraction of steady-state photosynthesis (at 1470 s, A..u as given in Figure 4)

attained at the two intermediate exposure times under saturating light (1260 flmol

m-2 s·\). PPFD in the dim Iight was 30 flmol m'2 s·\.
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Such a growth response may be adaptive for f... radiata seedIing dispersed to open

sites but under an herbaceous canopy. Seedlings of two African trees: Termjnalia

ivorensis (shade intolerant) and Khaya sene~alensis (shade tolerant) showed similar

height growth responses to high and low R:FR at 18 Itr'lol m'2 s'\ PPFD (Kwesiga and

Grace 1986). Il may be that, for f... radiata colonizing an open, disturbed site, the

shade-avoidance strategy is selectively favoured over establishing in the more

ephemeral forest gap site for I.. iyorensis. Based on this argument, we would expect

greater light quality response in growth in the more ruderal species such as I!L.

ne~undo (Maeglin and Ohmann 1973) and I!L. campestre (Küppers 1984a) than the

shade tolerant species examined here. For woody seedlings growing in the shade, the

margin of seasonal carbon gain will tend to be small and the cost of support structure

high, and inappropriate allocation of biomass may result in higher mortality

(Augspurger 1984a,b; Bloom ~ il 1985). Avoidance mechanism confers no su. lival

value under a closed forest canopy but appropriate acclimation response to light

quality in photosynthetic apparatus can confer a survival advantage to the seedling.

Chlorwhyll leyels

Among the maple seedlings, the observed increase in total chlorophyll level in

response to PPFD agrees with other reports and with the function expectation of

improving light harvesting capacity in the shade (Bjôrkman ~ III 1972a, Chow ~ III
199Oa,b). However, there is no apparent functional relationship between light quality

and chlorophyll level. Law R:FR alone decreased total chlorophyll level in sorne:

Phaseolus vul~aris (shade intolerant; Hoddinott and Hall 1982), Rumex (Mclaren and

Smith 1978), Petunja axUaris (shade tolerant; Casai ~ III 1987), corn (Eskins ~ III
1985), and among roderai and woodland herbs (Morgan and Smith 1979); but

increased in another: veronica (Fitter and Ashmore 1974). Among woody species, the

decrease in chiorophyllievei in high R:FR reported in this study is not supported by

those found in tropical tree seedlings of different successional status (Turnbull 1991)

and in tropical vines (Lee 1988). At the biochemical level, the complex effect of
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phytochrome and other photoreceptors on chlorophyll synthesis has not been resolved

(e.g., Eskins ~ al 1985, Senger and Bauer 1987); and the functional basis of light

quality response of chlorophyll remains unclear. But from this and other reports, it is

c1ear that PPFD (and the cryptochrome receptor) has a greater influence on

chiorophyll level than R: FR alone, and that light quality response is not associated

with levels of shade tolerance or successional status among woody and herbaceous

species.

Photosynthesis

Tumbull (1991) reported lowered A.... and stomatal conductance in Australian tree

seedlings when grown in low R:FR compared to neutrally shaded plants at 15% full

sunlight but this difference was not obvious at 1% and 5% full sunlight. He also

failed to find a c1ear distinction in photosynthetic response to light quality between

tree species of different successional status. Another study reported a decrease in net

assimilation rate under low R:FR in the seedlings of shade intolerant Tenninalia

jyorensis trees but there was no change in the shade-tolerant KhiIYa seneealensis

(Kwesiga and Grace 1986). These results suggest that at naturallevels of shadelight,

tree seedlings do not show strongly phytochrome-mediated photosynthetic response,

particularly in late-successional and shade tolerant species. Consistent with this

argument, 1did not observe photosynthetic and conductance changes due to R:FR

alone among the shade tolerant forest Aw. Since seedlings show similar SLM, levels

of leaf N and chlorophyll between shade and overcast treatments, comparable

photosynthetic capacity at steady-state and in response to lightflecks is expected

(Figure 4,5). The absence of photosynthetic response to R:FR between canopy and

subcanopy species also reflect the similarity in successional status of bath groups of

forest Aw. Sunfleck response, as represented by the photosynthetic induction rate

(Figure 5), was quicker for seedlings grown in the two low PPFD treatments relative

to gap-grown seedlings. This physiological acclimation of shaded maple seedlings

agrees with that found in tropical species (Chaulon and Pearcy 1986a,b). A more
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detailed discussion of lightfleck responses to gap and shade treatments is given in

Chapter 3.

Light resoonse between canOJ!Y and sUbcanOJ!Y growth forms

ln this study, similarity in R:FR response by canopy and subcanopy species indicate

that although the two classes differ in growth priorities, canopy species were not more

sensitive to R:FR as postulated. Il is reported elsewhere (Chapter 4) that canopy

species tends to show greater apical dominance, compatible with the requirement in

their life history of reaching the forest crown to reproduce (Sakai 199Oa). Since the

branching architecture is largely developmentally constrained (Sakai 1990b), the

influence of variations in light quality alone appears to be minor. Although their

maturation is strongly dependent of release growth during gap periods (Canham 1985,

1988), canopy maple species do not have greater sensitivity to the increase in R:FR

alone as a cue for a gap opening. Instead, they respond more to the increased quantity

of light in a gap.

Conclusions

By partitioning the effects of R:FR and PPFD on~ traits of functional importance,

1 found that PPFD is the predominant stimulus for phenotypic variations. Differences

in growth and functional traits between gap- and the two low PPFD treatments c1early

indicate the importance of light intensity for these seedlings. Functionally linked traits

such as SLM, photosynthesis and root:shoot ratio were significantly higher in gap­

grown plants similar to other reports of hardwood trees (Logan and Krotkov 1968,

Marks 1975, McClendon and McMillen 1982, Jurik 1986, Koike 1988). Stem

extension and growth were not affected by R:FR levels alone. In the forest

understory, selection for "shade avoidance" behaviour (Grime 1966, Smith 1986)

mediated by phytochromes appears weak. Rather, it is the response of plant traits to

PPFD that permit persistence in the shade and rapid growth in the gap that is
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favoured in the growth and survival of these seedlings. Gap light is perceived through

PPFD and an inerease in R: FR alone is an insufficient eue to elicit the rapid growth

response eharaeteristie of seedling release in newly formed gaps.
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CRAPTER 2: Functional responses to simulated gap and shade environments ln

seedfings of eight Am species: chloroplast·level propertles and photosynthesls

Abstract

Seedlings of 4 canopy and 4 subcanopy Am species were grown under two light

treatments in summer 1990: "shade" (photosynthetic photon flux density (PPFD)=30

"mol m02 sol; R:FR=O.6) and "gap" (PPFD=400 "mol m'2 S·I; R:FR= 1.12).

Although leaf nitrogen (N) concentration did not differ between the light treatments

(2.4% leaf DW), shade-grown plants invested significantly more nitrogen into total

chlorophyll (4.5 mg g.l) than gap-grown plants (3.5 mg gol). There was alsa a

significantly lower chlorophyll a:b ratio in shade-grown plants (3.9 vs. 3.3). In terms

of photosynthesis, Am.. in gap-grown plants was 60% higher than in shade-grown

plants. These results are consistent with the functional expectation that shade­

acclimated plants will increase their light harvesting capacity due to limited photon

input while gap-acclimated plants will operate more efficiently under bright light by

increasing their carboxylation capacity. This inverse relationship between the capacity

of light and dark reactions is supported by chlorophyll fluorescence measurements of

intact leaves. Total fluorescence quenching (Qr) was significantly greater in gap­

grown compared to shade-grown plants, indicating a more efficient photochemical

process. The positive relationship between QT and Am.. corroborates the expected

light-mediated biochemical adjustments among Am seedlings. Higher chlorophyll

levels in shade-grown plants did not result in enhanced low Iight photosynthesis or

lightfleck utilization. Since the trade off between light and dark reaction components

evident in the chloroplast-Ievel traits was not fully borne out by assimilation

performance, adaptive Inferences should not be made without considering the

functional relationships of associated traits within the larger plant design.
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Introduction

Many plant characters respond to changing irradiance in the growth envirc nment in

ways that are considered adaptive (Bjôrkman 1981). Among the chloroplast-Ievel

traits, leaves exposed to sun and shade differ in the number and size of chloroplasts,

thylakoid configuration, chlorophyll a and b contents, photosystem e" transport

capacity and photosynthetic carbon reduction (PCR) cycle capacity (Boardman 1977,

Wild 1979, Bjôrkman 1981, Terashima and Evans 1988; Figure 1 in General

Introduction). An increase in total chlorophyll per unit weight and a lowering of

chlorophyll a:b ratio in shade-grown plants are considerer. adaptive in that these

characteristics improve the efficiency of capturing photons in the forest understory

(Bjôrkman 1981). In addition, the influt"nce of Iight on leaf N cao also affect the

activity of chloroplast components (e.g., Rubisco) (Anderson and Osmond 1987) and

photosynthesis (Evans 1989a,b). In a moderately shade-tolerant tropical tree,

Flindersia brayleyana, low-irradiance-grown seedlings had higher total chlorophyll

levels and assimilation rates per unit leaf N (Thompson ~ BI 1988). For a shade leaf,

it is more advantageous to divert available nitrogen from Rubisco synthesis to Iight

harvesting components of the chloroplast (Evans 1989b). Corroborating chlorophyll

fluorescence results indicate that shade plants contain greater amounts of light

harvesting complex (LHC) molecules in Photosystem Il (PSII) and showed low PCR

cycle activities (Schreiber ~ BI 1977, Fork and Govinjee .980, Lichtenthaler 1985).

ln general, a sun leaf is expected to have a greater photosynthetic capacity resulting

from higher area-based leaf N and the correlated increase in allocation to

carboxylation processes. On the Iight harvesting side of photosynthesis, e" transport

activity is also expected to be higher in a sun leaf, to accommodate the increased flux

of chemical energy under high irradiance (Boardman 1977, Evans 1989b, Harrington

~ BI 1989). In this mode, the chloroplast is not expected to function weil under low

Iight conditions. The inference of a trade off between Iight harvesting and

carboxylation components of the chloroplast is supported in several herbaceous
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species (Osmond 1987) but this relationship and its functional link to photosynthesis

has not been investigated in temperate forest trees seedlings.

Another important component of energy capture in shade plants is the phO!Qsynthetic

response to suntlecks (Chazdon 1988). These short pulses of high PPFD commonly

make up more than 50% of the light energy received by an underslory plant. Shade

plants have been shown to respond more efficiently to lightflecks (Chazdon and

Pearcy 1986a,b) but it is not clear how chloroplast-Ievel properties such as level of

chlorophylls and N contribute to this process. For a group of temperate forest Aw

species, 1 will test the expected adaptive acclimation in chloroplast properties to

lightfleck utilization in seedlings grown under simulated shade and gap light regimes.

1 examine the properties of light and dark reaction components in seedlings of 8 Aw
species grown under the two simulated light environments similar to those commonly

experienced by these seedlings in nature. :::hlorophyll and nitrogen levels, chlorophyll

fluorescence and photosynthetic activities will be determined to answer the questions:

1) are Am seedlings capable of acclimating in chloroplast-Ievel traits to the two

contrasting light regimes'? and 2), are light-mediated biochemical changes associated

with adaptive physiological performance in shade- and gap-grown maple seedlings'?

Methods and Materlals

Experimental desjen

Eight species of..,Aw (Iwo populations each) were used in this study (Figure 1).

Seedlings were 3-4 years old and raised from seed under a common greenhouse

environment in the McGilI Phytotron. In April 1990, the seedlings were placed under

Iwo experimental light treatments beginning in the budbreak period (Figure 2). The

construction of the simulated shade (PPFD= 30 l'mol m"2 S"I; R:FR=0.55) with 13%

sunfleck occurrence and simulated gap (400 l'mol m'2S·I; R:FR= 1.1) environments is

described in detail elsewhere (Methods and MateriaIs, Chapter 1). Experimental plants
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Figure 1. Experimental design showing the two treatment light regimes and the Am

species and populations used within each growth form class. Total number of

seedlings us~ in the experiment was 160 (5 replicates per species-population per

treatment). For seed source information, see Appendix 1.
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TREATMENT CLASS SPECIES POPULATION

A. macrophyllum Pursh. MA1
MA4

A. platanoides L. PL4

CANOPY PL9
A. rubrum L. RU2

RU3
A. saccharum Marsh. SR6

GAP SR7

(20 % FULL SUN)
A. ginnala Maxim. GI4

GI6
A. palmatum Thumb. PAa

SUBCANOPY PM
A. pensylvanicum L. PN2

PN4
A. spicatum Lam. SP1

SP6

CANOPV-1
SHADE

(2.5 % FULL SUN)
SUBCANOPY i
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Figure 2. Light quantity and quality regimes in the simulated gap and shade

treatments on a typica1 day during the experiment. Measurements were taken on

August 10, 1990, under clear skies. Dotted Iines represent the ambient and peak

(i.e., direct beam through the spectral tiller in the shade treatment and through the

lathe opening in the gap treatment) conditions at solar noon.
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were arrange<'. in live blocks in each treatment, one seedling per species-population

per block. There was minimum shading from neighbouring plants. Analysis of

variance showed no signilicant block effect in traits measured and block effects will

not be considered in subsequent analyses. Seedling maintenance during the

experimental period follows Chapter 1. The total number of seedlings used in this

experiment was 160. Methods used in the determination of chlorophyll content and

leaf N and photosynthesis are given in Chapter 1.

Chlorollhyll fluorescence

Plants were allowed to acclimate to total darkness for >2 hr before fluorescence

measurement. For hea1thy leaves, a dark adaptation period of 15-30 min is normally

considered to be sufficient (Bolhàr-Nordenkampf~ il 1989). Fluorescence was

determined on the same leaf as earlier photosynthetic measurements were made. The

leaf was held in a plexiglas holder, 0.8 cm from the fibre optic light source/detector

of the chlorophyll fluorometer (PAM lOI, 103; H. Walz, Effeltrlch, Germany;

Schreiber 1986). The saturating actinic light pulses were provided by a Schott

KLI500 lamp (SchoU, Stafford, UK) with a PPFD of 220 VI' m'2 at the leaf surface.

Constant fluorescence (F.,) level was determined using modulated light at 0.08 W m·2•

Fluorescence kinetics were recorded on an Omega RD2030/60 Function Recorder at

2.5 mm S·I (Omega Engineering, Inc. Stamford, Conn. USA). Air temperatures

during ail measurements were 18-23°C. 1he leaf was exposed to the actinic light for

10 s. The rate of fluorescence quenching was expressed as percent decrease in

fluorescence from FOI after a 10 s exposure to actinic light (Figure 3). Chlorophyll

fluorescence parameters were determined in the manner indicated in Figure 3a. The

relatively high actinic light used in this study insured the full saturation of chlorophyll

a molecules with the drawback of losing some resolving power in estimating 1112 (the

limit of resolution for the chart recorder is estimated al 0.08 s). Values of Fo, FOI' Fy

and tl12 are dependent of actinic light intensity (Ôquist and Wass 1988) where the first

three parameters increase while tl12 decreases with light intensity. The protocol
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Figure 3a. Sample chlorophyll fluorescence kinetics determined for Akl:r seedlings.

Fo=constant fluorescence, FOl=maximum fluorescence, Fr=photochemical

fluorescence quenching after a lOs exposure to actinie light (220 Wm-2). l",=time

ta Fm. The following parameters referred to in the results are derived as: tl12 =

t./2; total fluorescence quenching (Qr) is expressed as % decrease in fluorescence

from Fm to Pr (i.e. Qr=(F.,-Pr)*IOO/P.,); PiP., (referred to in Chapter 4) is the

quantum yield efficiency where F. is P.,-Fo. Plants were acclimated to total

darkness for >2hr before fluorescence measurement was taken. Figure 3b

demonstrates the pattern of fluorescence quenching with prolonged actinie light

exposure (conditions same as in 3a) where, for the two quenching kinetic curves,

the truncation of fluorescence at 10 s is a reasonable representation of the steady­

state fluorescence.
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use<! here a1so truncatOO the quenching kinetics at 10 s before steady-state was

attainOO. This lime interval \~'as adoptOO after preliminary tests showing fluorescence

quenching after 10 s was representative of the steady-state level reachOO after

exposure of >30 s (Figure 3b). This protocol was adoptOO to permit the rapid

processing of a large number of samples with minimum loss of resolution in Or.

Statistical methods

Differences between Iight treatments, growth form classes and species were analyzed

using Procedure GLM in SAS (1988) for a three-factorial mixed model (Table 1). The

appropriate MS error terms were derivOO following Winer (1971). To properly

partition the sources of variance, traits without significant interaction terms (at

P=0.05) were re-analyzed using an additive model (by remov~ng the int';'llction

terms); the outcome remainOO virtually unchangOO.

Results

There is a an overall positive relationship between leaf N and total chlorophyll

(Figure 4); the higher slope in the shade-grown plants indicates that they investOO

proportionally more leaf N to chlorophyll than gap-grown plants. Relative levels of

chlorophyll and leaf N vary among species; both are higher in A.. saccharum. A..

I:Înnala and A.. macrQDhyllum. While high leaf N 100 to a higher ft..... in the laller two

species, this was not the case for A.. saccharum (Figure 5). In most species, both

chlorophyll and leaf N increased from shade to gap trealment, partiy mOOialed by the

higher SLM (specifie leaf mass) of the gap-grown leaves (Table 1 in Chapler 4); A..

I:Înnala and one population of A.. macrophyllum maintainOO high chlorophyll levels

regardless of the irradiance treatment leading to a significanttreatment by species

interaction (Table 2).
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Table 1. Partitioning of variances in the three-factor mixed model
experimental design. Treatmentsc gap and shade; classc canopy and
subcanopy sp>cies. Species and populations used are given in Figure 1.
Expected MS were derived from Winer (1971). The appropriate "'rror terms
are used in the GLM procedure of SAS.

SOURCE OF VARIATION TREATMENT Di
EFFECT

EX~'ECTED MS

(

TREATMENT FIXED 1 E(MS.) c6',+56'.0+106'.c+806'l: (a)

CLASS FIXED 1 E(MS.) -6',+106'o+206'c+806'l: ( ~)
TREAT*CLASS FIXED 1 E(MSM)c6~+56'.o+106~c+406'M

SPECIES(CLASS) RANDOM 6 E(MSc)-6~+106~+206~

POPULATION (CLASS*SP) RANDOM 8 E(MSo)=6',+106'0
TREAT*SP(CLASS) RANDOM 6 E(MS.c)c6~+56'.o+106~c

TREAT*POP(CLASS*SP) RANDOM 8 E(MS.o)-6',+56'.0
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Figure 4. Mean chlorophyll and leaf N levels (bath area-based) in the 8 maple species

(number following species is the population code) grown under gap and shade

treatments. Bach point is the mean of 5 plants. Average SE for chlorophyll and

leaf N were bath 7% of the respective means. Species codes are canopy growth

form: MA=A., macro.r.hyllum, PL=A,. platanojdes, RU =A,. rubrum and SR=A.,

saccharum; subcanopy growth form: G1=A,. einnala, PA =A,. palmatum, PN=A.,

~llSl'lvanicum and SP=A., :iPicatum.
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Figure 5. Relationship between Or and steady-state photosynthesis at saturating PPFD

in the 8 maple species (number following species is the population code) grown

under gap and shade treatments. Bath traits were measured in August 1990. Each

point is the mean of 5 plants. Average SE for Or and A.... were 19% and 15% of

the respective means. Species codes same as Figure 4.
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Table 2. Significance of variances of leaf-level traits partitioned ~~ tre8tments (gap, sh8de).
cl••••• (c.nopy, .ubc.nopy), .peel•• (SP) and popul.tlons (P). Approprl.t. MS .rror t.rms deri_cd
from Niner (1971) .r. in T.bl. 1 (Ch.pt.r2). Speci•••nd popul.tions of~ u.cd .r. al_en ln
Figure 1 (Chapter2). NS P>.05; * P=O.05; ** P=O.01; *** P=O.OO1.

TRAIT SOURCE OF VARIATION

TREU CLASS T·C SPIC) P(SP,C) T·SP(C) T·P(SP,C)

MITROGEM (WEIGHT-BASED) MS MS :IS MS MS • NS
MITROGEN (AREA-BASED) ••• ••• NS ••• ••• ••• NS
CHLORllPHTLL • •• NS NS •• NS NS NS
CHLORllPHTLL b ••• NS NS NS NS NS NS
TOTAL CHLORllPHYLL •• NS NS •• NS NS NS
CHLORllPHYLL .:b ••• NS NS ••• NS NS NS

CHLORllPHYLL FLUORESCENCE

T,n (AUG) •• NS NS ., NS NS NS
T,n (SEPT) MS NS NS • NS NS NS
Qr (AUG) •• NS NS •• NS NS NS
Qr (SEPT) •• NS NS • NS • NS

PHOTOSYNTHESIS (AUGUST 1990)

DIN LIGHT NS NS NS • NS NS NS
A".. ••• NS • ••• NS NS NS

DARK RESPIRATION • NS MS NS NS NS NS
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The correlation between chlorophyll a and b levels in each treatment was strong

(R2=O.69 and 0.84 for shade and gap respectively). Levels of bath Iight-harvesting

pigments increased from gap to shade for ail species p"Oducing two distinct treatment

c1usters (Figure 6). While the ratio of the ChI a to b remain unchanged in the two

treatments (bath with a slope=0.19), shade plants invested proportionally more to ChI

b at a given level of ChI a (Figure 6; ChI a:b in Table 3). In general, chlorophyll a

and b tended to be highest in A.. p1atanojdes and A.. saccharum and lowest in A..

rubrum and A.. spjeatum in bath treatments. There was considerable variation in

pigment levels between species and populations but the maples did not separate into

canopy versus subcanopy classes (Table 3).

Chlorophyll fluorescence results indicate that the treatment effeet on total fluorescence

quenching (Or) was strong but more modest for bath fluorescence at F. and the e"

transport carrier pool size of PSU (tl/J (Table 2,3). Since most of the total

fluorescence at steady slate is allributable to photoehemical quenching in non-stressed

plants (Bolhàr-Nordenkempf 1989) and that a Iinear relationship between

photochemical quenching and assimilation rate is expected (Schreiber and Bilger

1987), higher 0,. (Le., eleetron transport efficiency) in gap-grown rlllr.ts

corresponded tightly with greater carboxy!ation potential. While Or was higher in

gap-grown plant for bath census periods, values deereased from August to September

(Table 2), possibly associated with initiation of leaf senescence. While there was sorne

uncertainty associated with the precisio~1 of obtaining t1/2' the central tendency

between treatments indicates that tl12 was higher in shade-grown plants. (Table 2,

Figure 7). This implies that shade-grown plants have larger e" transport carrier pool

sizes. Fluorescence traits were similar between canopy and subcanl)py classes but

significantly different between species for tl12 and Or (Table 3).

The positive relationship between chlorophyl1 a and tl12 (Figure 8) indicates that Iight

harvesting pigment and e" transport carriers covary within the chloroplast (R2=O.4,

P<O.OOl, n=32). Photochemical quenching, in contrast, deereases with increasing
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Figure 6. Relationship between chlorophyll a and b in the 8 maple species (number

following species is the population code) grown under gap and shade treatments.

The slope of the two regression Iines are the same: gap treatment- ChI

b=O.18+0.19*Chl a (R2=O.84, N=16), shade treatment- ChI b=O.39+0.19*Chl

a (R2=O.69, N=16). Each point is the mean of 5 plants. Average SE for

chlorophyll a and b were 6% and 8% of the respective means. A pooled sample of

each plant was used in the chlorophyll determination. Species codes same 2,.;

Figure 4.
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Table 3. Leaf N, chlorophyll levels, chlorophyll
fluorescence and maximum photosynthetic rate (mean±lSE) in
the two light treatments. Each value is the mean of SO
plants, representing the S Acer species of ~ macrophyllum,
~ platanoides, ~ rubrum and ~ saccharum (canopy species);
~ ginnala, ~ palmatum, ~ pensylvanicum and ~ spicatum
(subcanopy species).

TRAIT TREATMENT

SHADE GAP

LEAF BIOCHEMISTRY

-

Leaf N (% DW)
Leaf N (g. mo2

)

CHLOROPHYLL a (mg.gol
)

CHLOROPHYLL b (mg.gol
)

TOTAL CHLOROPHYLL (mg.gol
)

CHLOROPHYLL a:b

CHLOROPHYLL FLUORESCENCE

Fo (AUG)
Fo (SEPT)
tin (s) (AUG)
tin (s) (SEPT)
QT (%Fm) (AUG)
QT (%Fm) (SEPT)

PHOTOSYNTHESIS (AUGUST 1990)

DIM LIGHT (umol.mo2 .sol
)

Amax (umol.mo2 .sol
)

2.49tO.05
0.71tO.02
3.45tO.07
1. 06tO. 02
4.51tO.O!il
3.2StO.04

12.0tO.2
11. 5tO. 2
0.52tO.01
0.54tO.01
1.90tO.11
1. 02tO. 05

0.93tO.05
4.03tO.23

2.39tO.06
0.90±0.03
2.76tO.OS
0.71tO.02
3.46tO.10
3.SS±0.04

10.9±0.1
10.6tO.2
0.4StO.01
0.52tO.01
2.49tO.13
1. 65tO. 07

0.S5tO.05
6.55tO.30
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Figure 7. Relationship between fluorescence parameters t1l2 and total fluorescence

quenching (0,.) in the 8 maple species (number following species is the population

code) grown under gap and shade treatments. 0,. is expressed as % Fm (see Figure

1). The regression equation is tIl2 =0.608+0.049*o,. (R2=0.58, N=32). Each

point is the mean of 5 plants. Average SE for t1l2 and 0,. were 6% and 19% of the

respective means. Fluorescence measurements were taken in August 1990. Species

codes same as Figure 4.
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Figure 8. Relationship between tll2 (for defillition see Figure 1) and ch\.:>rophyll a in

the 8 maple species (number following species is the population code) grown

under gap and shade treatments. The regression equation is tl12 =O.357+0.046*Chl

a (R2=O.37, N=32). Each point is the mean of 5 plants. Average SE for tl12 and

chlorophyll a were 6% and 8% of the respective means. tl12 measurements were

taken in August 1990. Species codes same as Fil\ure 4.



·-'.

1--;:=====:;------0--- 0 0_._ .-

0.6 • SHADE
o GAP

0.561-

4.4
.. 1. __ ._.1 ..

PL40

! ! 1 j 1.

2.4 2.8 3.2 3.6 4
CHLOROPHYLL a (mg.g-1 FRESH WEIGHT)

-

1-
SR6"SR6.

GI4_PA4' G14.
'-'PN ()

RU3 • S~7 PL9'

SP6.GI6'~ MAI
MA4() /" RU2.

PN40 •
PA1 u

RU2 ,-,..-/ PA4n
-SP60 ... MA1 0 PA~P1. PL9'}
./' PN20 MA'" ~

0.44 [~

oi~\l ,

0.48

:e
Sl! 0.52 1-....-



(

(.

68

tIn (R2=0.59, P<O.OOI, n=32, Figure 7). Since Or depends on the rate of chemical

energy transfer from the photosystems to the carboxylation process, it is an estimate of

basal PCR reaction capacity in these dark-acclimated plants. The negative relationship

betwcen tIn and Q,. indicates a trade off of light and dark reaction capacities within plants

and the pattern of trade off is significantly affected by the light treatments. Q,. is aIso

positively associated with photosynthetic capacity represented by Àmv. (Figure 5). Similar

to Or, maximum photosynthesis was strongly influenced by treatment where rates in gap­

grown plants were 60% greater than shade-grown plants; but rates in dim Iight

photosynthesis was only marginaIly different indicating minor differences in respiratory

cost (Table 2). The pattern of high A.... and Or and low chlorophyll and tin in gap-grown

plants, and the opposite pattern in shade-grown plants, strongly suggest a trade off

between light harvesting and carbon assimilation components of the chloroplast.

DiscussIon

These results show clear evidence for differentiaI partitioning of nitrogen between the Iight

and dark reaction components that suggests the functionaI basis for acclimation of

chloroplasts to high versus low Iight regimes. Leaf N per unit dry weight was only

marginally higher in shade-grown planis but they showed significantly higher chlorophyll

content. Similar to these findings, Terashima and Evans (1988) reported a decreasing ratio

of chlorophyll to total leaf N in spinach with increasing PPFD. The adjustment of leaf N

to irradiance is adynamie process. Evans (1989a) reported the ::cclimation of mature

Cucumis leaves to a different light regime within 2 weeks after the transfer. Nitrogen was

translocated out of leaves that experienced a decrease in PPFD and into those exposed ta

high PPFD. The accFmation resulted in more favourable distribution of chlorophyll,

electron transport carriers and carboxylation enzymes (i.e., Rubisco) that increased the

photosynthetic potentiaI for a given level of leaf N. The proportionaI N in thylakoid

versus soluble proteins inc.'eases with lower PPFD growth environment signaIling a trade

off between the Iight and dark reaction components. In this study, aIl &:.ç[ seedlings
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grown in the shade invested a greater proportion of their leaf N resource in ihe

maintenance of the light-harvesting systems than conspecific gap-grown plant:;.

The close correspondence between chlorophyll a and b levels suggests a strong overall

developmental control in the synt!'.esis of the two pigments. Lower chlorophyll a:b ratio in

shade-grown Am seedlings agrees with those found in other species w!tere chi a:b was 2­

2.2 in shade plants and 2.6-3.6 in sun plants (Anderson ~ al 1988). The smaller

difference in chlorophyll a:b of 3.2 and 3.9 ( in shade and gap treatments l'espectively) in

Am species se;;ms to suggest a more limited acclimation potential. But in a group of 14

herbaceous species, Wild (1979) found an average 17% increase in chi a:b between low­

and high-light treatments, similar to the findings in Aw. Increasing chlorophyll content

improves the absorption of the green and far-red region and "cilnfers a significant

advantage" to shade plants surviving in low irradiance environments (Bjôrkman 1981;

Anderson ~ al 1988). The reJatively greater investment in chlorophyll b to chlorophyll a

is thought to shift the energy distribution from PSI (where the peak of light absorption at

700 nm) more to PSII (where most of Chi b resides and has an absorption peak at 680

nm), concurrent with a richer far-red excitation energy in the forest understory (Bjôrkman

1981). For forest-grown Am seedlings, such an acclimation is expected and confirmed in

this study.

The functional interpretation of fluorescence signais is still somewhat "problematic"

(Krause and Weis 1991). Krause alld Weis (1984) have suggested that the chlorophyll

fluorescence parameter Fu is indicative of antenna chlorophyll a content so that the two

should vary in the sarne direction. This is borne out by this study (Table 1). Fu •

therefore, could be used to estimate the levels of chlorophyll a and total chlorophyll

(given the close relationship between chlorophyll a and b (Figure 6) in a leaf. The tl12

pararneter is generally recognized as an index of the "photochemical reaction and the pool

size of electron acceptors on the reducing side of p\lotosystem Il" (Ôquist and Wass 1988,

Bolhàr-Nordenkempf 1989); tl12 =O (i.e. fluorescence rises virtually instantaneously to F.,)

when e" transport carriers are inhibited by the herbicid!\ DCMU (Krause and Weis 1984).
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ln the~ seedlings, the signific.'nt regression between tll2 and chlorophyll a indicates a

concurrent increase between e- transport carrier pool size and light-harvesting pigments;

bath were higher in shade-grown plants (Figure 8). These findings, however, are contrary

to other reports where forest herbs (Fork and Govindjee 1980) and shaded leaves of

deciduous trees (Lichtenthaler 1985) showed compared to plants or leaves exposed to

high irradiance. Furthermore, Bjôrkman and others (I972a, 1981) conclude that shade

plants tend to have a lower tl12 due to larger light harvesting antenna and smaller e- pool

size. Based on these results, 1conclude that in the chloroplasts of shade-grown .Am.

seedlings, there was light-acclimation in light harvesting pigment levels but not in e­

transport carrier pool size.

Given that tl12 represents the photosystem activities of the leaf, a negative relationship

between tll2 and total fluorescence quenching (Q,-) indicates a trade off between the light

and dark recoction components (Figure 7). The sam'; pattern is also evident between total

chlorophyll and Q,- (not shown). Total fluorescence quenching in a healthy plant is a

measure of the reoxidation rate of electron acceptors (OA) in Photosystem II (Schreiber

and Bilger 1987, Bolhàr-Nordenkempf 1989, Krause and Weis 1991). And since the

reoxidation of OA is associated with the consumption of ATP and NADPH in C~

fixation, Q,- is an indirect measure of how quickly and efficiently the chemical energy

induced by light is shuttled to the dark reaction centres for CO2 fixation (Schreiber and

Bilger 1987). Q,-, therefore, is a useful parameter estimating the rate of energy utilization

in the PCR cycle and indirectly the Rubisco concentration. Direct comparisons between

sun and shade leaves of Arbutus yg over a wide range of light intensities have found

consislently lowcr pholochemical quenching in the shade leaf (Shreiber and Bilger 1987);

and the degree of quenching was linearly related to the steady-state assimilation rate.

Greater photosynthetic capacity in gap-grown plants was also attributed to higher levels of

Rubisco (Terashima and Evans 1988). It would appear that Q,-, Rubisco and Am». are three

closely linked expressions of the carboxylation process in the chloroplast as demonstraied

in this study lIIld that gap-grown seedlings showed the expected acclimation with high

raies of Q,- and Am».'
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Based on the distribution of light and dark reaction componenls in Am seedlings. we

would expect higher costs of respiration in gap-grown plants and in tum lowering of Iheir

ability to utilize low PPFD. However. dim light (29 Itmol m·l S·I) assimilation raIes were

only marginally lower in gap-grown plants. Furthermore. when these seedlings were

exposed to a sudden onset of saturating PPFD simulating a sunfleck. assimilation rates

rose more rapidly in gap-grown plants even after only 30 s (Figure 1.4 of Chapler 3). The

advantages inferred at the chloroplast-Ievel for shade plants were not substantiated by

carbon uptake at the leaf level. Il appears that we cannot estimate the lightfleck responses

of~ seedlings from chloroplast-Ieveltraits alone. Functionally. greater light harvesting

pigments and e" transport carrier pool size should allow a leaf to capture brief sunflecks

more effectively. However, since the activation of the light-harvesting centre and e"

transport chain require little time (within seconds versus the full induction of

photosynthesis at 20-30 min) (Chazdon and Pearcy 1986a.b; Stein Ç1 al. 1990). these traits

should not pose a significant assimilation constraint to the utilization of sunflecks longer

than lOs in duration. But with higher chlorophyll levels and greater e" pool sizes. shade·

grown Am seedlings are capable of a more effective use of shorter light pulses,

particularly if they are able to maintain a higher state of photosynthetic induction

(Chazdon and Pearcy 1986a,b). Since over 90% of the sunflecks can be less than 32 s

long in a c1osed-eanopy forest (Chazdon 1988), the selective advantage of such a

chloroplast construction is apparent. Further work is necessary to verify this

interpretation. Light harvesting components play a minor role in sunflecks of longer

durations where the carboxylation capacity and stomatal conductance predominate (Pearcy

1990). Under these conditions, gap-grown plants displayed a consistent advantage from

higher Or to high steady-state photosynthesis. Despite the trade off demonstrated in the

chloroplast components, gap-grown seedlings appeared to he better adapted in both the

gap and the shade environmenls. These results aise serve as a caution to the inference of

shade adaptation in a trait without considering ils functional relationship within the plant's

larger design.
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CHAPTER 3: The effect ,..f simulated gap and shade tri:âLments on Il,hotosynthetic

response patterns and stomatal propeJ1ies in seedlings of eight Am species

Abstract

Seedlings of 4 canopy and 4 subcanopy Am species (two populations each) were

grown under two light treatments simulating forest shade (photosynthetic photon flux

density (PPFD) =30 !Lmol m-2 S-I; R:FR=0.6) and forest gap (PPFD=400 !Lmol m-2

S-I; R:FR= 1.12). The aim was to investigate the effect of growth irradiance on

steady-state and transient (i.e., lightfleck response) photosynthesis among species and

between canopy and subcanopy growth forms. Maximum photosynthetic rate (A",..,

based on species mean) was increased from as IitUe as 20% (A. saccharum) to as

much as 138% (A. gjnnaJa) from shade- to gap-grown seedlings. A",.. differed

significantly among species (2.3 tc. 12.3 !Lmol m-2 S-I) but assimilation rates under dim

light (30 !Lmol m-2 5-1) were more similar (0.6 to 1.4 !Lffiol m-2 5-1). There were no

physi')logical differences betwe€"n canopy and subcan0IiY species, reflecting the

generally similar leaf level structural traits such as SLM, chlorophyll and leaf nitrogen

between the two growth forms. Contrary to expectation, photosynthetic lightfleck

response was quicker in gap-grown plants than in shade-grown plants, although

photosynthetic induction rates show trends consistent with other reports. These results

suggest that the actual rates of assimilation may be more relevant in whole plant

performance than the induction states. Although the Joss of photosynthetic induction in

darkflecks was greater in gap-grown A... macmphyllum, it appeared to have only

minor effects on mainlaining high gas exchange performance. The higher steady-state

and transient photosynthetic response in gap-grown seedlings suggest that leaf

properties such as greater SLM and area-based leaf N that permit greater A",.. may

also confer an advantage responding to sunflecks. No consistent relationship was

found between stomalal conductance and stomalal density and stomatal pore diameter.

A consistent negative relationship between stomalal density and stomalal pore diameter
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found in this and other interspecific studies seem to indicate the stabilizing selection of

an optimal level of conductance area.

Introduction

ln the temperate forest, many Aw species must complete their juvenile stage growing

in the forest understory. Some, Iike A. saçchi''1I!!l, require periodic gaps to reach

maturity in the forest crown (Canham 1985) Wl .•~ others (eg. A.. pensylvanicum)

remain in the subcanopy through Iife. Seedlings of both canopy and subcanopy species

show significant growth response to forest gaps (Wilson and Fischer 1977, Canham

1988a) and there are some indications that canopy species may be developmentally

constrained even in the juvenile stage with higher wood density and tougher leaves

that are more beneficial in the adult stage (Lei and Lechowicz 1990). Since subcanopy

trees must complete their life cycle in the forest understory, selection for shade­

adapted characters should be stronger than in canopy species. Canopy sP-cdlings should

possess traits more compatible with accelerated vertical growth when they encounter a

forest gap. At present, Iittle is known about the morphological and physiological

variations among closely related canopy and subcanopy species such as the Ag;r and

how the5\; Iwo growth forms respond to high and low growth irradiance environments.

Maximum photosynthetic rate (A",.J within a species varies directly with the

photosynthetic active photon density (PPFD) regime in whicb a plant was grown

(Bjôrkman 1981). At the leaf-Ievel, shade-acclimated individuals undergo several

alterations such as increased chlorophyll content and reduced levels of photosynthctic

carbon reduction (PCR) cycle components (Boardman 1977). In this configul"cltion, the

shade leaf is considered better able to capture Iimited quantum energy while

minimizing the respiratory cost of maintaining cellular systems for carbon reduction

(e.g. Crookston ~ al 1975, Welander and Hellgren 1988). Recent studies of the

photosynthetic response to sunflecks in tropical forest understory plants further

demonstrate the acclimation potential of plants grown in Iight-Iimited environments
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(Pearcy 1983, 1990). One such acclimation is the photosynthetic induction rate, the

time required for a shaded leaf to atlain high, steady-state photosynthetic rates after

exposure to high irradiance. This induction in·..clves an initial phase of PCR cycle

substrate (ribulose-I,5-bisphosphate) synthesis in the tirst minute of a Iightfleck, while

the second phase lasting about 5 minutes involves the activation of the major

carboxylation enzyme Rubisco (ribulose-I,5-bisphosphate carboxylaseloxygenase)

(Chazdon and Pearcy 1986a,b, Woodrow and Molt 1989, Pearcy 1990). For a dim­

Iight acclimated leaf, both biochemical and stomatal limitations contribute to the rise

in assimilation rate (Kirschbaum and Pearcy 1988, Kirschbaum ~ iil 1988). Since

stomatal conductance relaxes slowly after a Iightfleck (Kirschbaum ~ iil1988), short

intervals between Iightflecks could mainlain high conductance and substantially reduce

the lag in response to full induction. For a shade-acclimated plant, we would expect a

quicker attainment of full induction and slower 1055 of induction between sunflecks.

Chazdon and Pearcy (1986a,b) found that Alocasia macrorrhiza (an Australian

understory herb) showed higher rates of photosynthetic induction after exposure to

s~ort duration Iightflecks than the Jess shade tolerant tree seedling I22Im australjs. But

because of the phylogenetic divergence and differences in Iight requirements in these

two species, there is a need to examine the photosynthetic induction response of plants

more c10sely related and grown under similar light regimes. In this way, a direct Iink

between variations in sunfleck response and whole plant performance can be made

with less confounding effect of phylogeny or developmental stage. Given the

importance of sunflecks in the understory environment, transient rates of gas exchange

during pulses of saturating irradiance can have a signiticant influence on the growth

and survival of the whole plant (Chazdon 1988). TIlis chapter addresses the deticiency

in our understanding in the dynamic physiological responses in temperate forest trees

using eight Am species.

Stomatal density is among the leaf morphological traits affected by irradiance levels

during leaf ontogeny (Holmgren 1968, Miskin and Rasmusson 1970, Abrams and
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Kubiske 1990). ln Atriplex~, plants grown in high light had twice the stomatal

density as those in low light while stomatal pore length remained unchanged

(Bjôrkman ~ lÙ 1972a). An increase in stomatal conductance through high stomatal

density is considered advantageous in open environments (Mott ~ lÙ 1982). Although

there is a positive correlation between density and pore size of stomates and maximum

stomatal conductance (Maruyama and Tajima 1990), stomatal conductance is

considered of minor importance in the steady-state photosynthesis under low diffuse

light (Bjôrkman ~ al. 1972b). But during the brief exposure to sunflecks, Pearcy and

others (1987, 1989, 1990) estimate stomatallimitation accounts for 10-25% of the

suppressed assimilation. To better utilize sunflecks, diffusion limitation can be

improved in two ways: by maintaining high stomatal conductance in dim light (Pearcy

1987) and by having high stomatal density. Are these patterns supported by forest

maple seedlings?

In this study, 1examine the variation in transient and steady-state photosynlhesis in

eight~ species and test the consistency of seedling physiology with expecled

shade-adaptation in sunfleck response and stomatm characterislics.

Metbods and Materlals

The experimental design and statistical methods used in this chapter are given in

Chapter 2. Photosynthetic and conductance results were based on August 1990

measurements. In 1991, 1 made a more detailed analysis of photosynthetic induction

rate and the subsequent decrease in induction state during darkflecks using two species

A.. macro.phylJum (canopy) and A.. pensylyanicum (subcanopy) grown in tÎle same two

light treatments. Three replicate plants per species-treatments were measured. The

initial induction procedure follows the method described in Chapter l, the su!)sequent

darktlecks (4 min each) were imposed on the plant by shielding the leaf with shade

cloth. Photosynthesis after a darktleck was determined during a 1 min period under

saturating light.
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Results

Pholosynthesis and stomata! conductance

ln ail species, gap-grown plants achieved higher Am.. than shade-grown plants (Figure

l, Table 1). Am macmphyllum attained the highest Am.. (12.2 "mol m'2 S·I) in gap

while another canopy species <A.. saccharum) showed the lowest at 3.4 "mol m'2 5"1.

The same two species detined the high (9.2 "mol m'2 S·I) and the low (2.3 "mol m·2

S·I) A.... in the shade treatmenl. Among populations, variations in Am.. were generally

low (eg. A.. palmalum) except in A.. macmphyllum and A.. platanoides. In most cases,

photosynthesis 0.5 and 4.5 min after onset of bright Iight was higher for the gap­

grown plants than for shade-grown plants. The rise in photosynthetic rate was greater

in the tirst 5 min of exposure to bright Iight than in the subsequent 20 min.

Photosynthesis in dim Iight ranged between 0.55 <A. saccharum-gap) and 1.41 <A.
macropbyllum-shade) "mol m'2 S·I. The overall mean photosynthesis in dim Iight was

0.9 "mol m'2 S·I. This is similar to the value (1.3 "mol m'2 5,1) of saplings of three

maple species me.'\Sured in the forest understory (Lei and Lechowicz 1990).

Variations in photosynthetic activities resided mainly among species within canopy and

subcanopy classes but no differences between classes (Table 1). Despite the

complexity underlying the photosynthetic system, gas exchange activities between

populations in a species seem highly consistent (population(species, c1ass):NS) for

these~ species.

The mean stomatal conductance (g.) in dim Iight was 60 (40-100) mmol m'2 S'1 and at

A.... was 100 (40-240) mmol m'2 S'1 (Figure 2). The coupling of g. and Am.. was

weak when plants were exposed to low diffused Iight but became progressively

stronger from a 0.5 min exposure to saturating Iight to the steady-state at 24.5 min.

High g. was maintained from dim Iight to Am.. for A.. macrqphyllum, A.. platanojdes•
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Figure 1. Photosynthetic response patterns of 4 canopy and 4 subcanopy Alli species

(two populations per species) grown under gap (open symbol) and shade (c1osed

symbol) treatments. Values given were mean (± ISE) of 5 plants. Photosynthesis

of the same leaf was first m ~ 3Ured on dim-Iight (30 limol m-2 S-I) acclimated

plants, then under bright Iight (1260 limol m-2 S-I) afler 0.5, 4.5 and 24.5 min of

exposure. Seed sources for the species and populations used are given in Appendix

1.
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Table 1. Analysls of variance results of physlologleal and stomatal traits of the 8 Aeer spoeies.
Physfological mea5urements vere taken in August 1990. Variances are partitioned amang treatment
(gap, shade), elass (eanopy, subcanopy), species (SP) and populations (P). Spoeles and populations
used are glven ln figura 1 (Chapter2). Appropriate MS error terms derlved from Ylner (1971) and is
shawn in Table 1 (Chapter2). NS P>.05: * P-O.OS: ** P=O.01i *** P=O.OD1.

TRAIT SOURCE Of VARIATION

TREAT CLASS T·C SP(C) P(SP,C) T·SP(C) T·P(SP,C)

PIIOTOSYIITIIESIS

DIM LIGHT NS NS NS • NS NS NS
BRIGHT LIGHT • D.5 MIN NS NS NS •• NS NS NS

4.5 MIN •• NS NS •• NS MS MS
24.5 MIN ••• MS • ••• MS MS MS

STlIIIlTA

STOMATAL DEMSITY MS MS MS ••• MS MS MS
STOMATAL APERTURE DIANETER MS MS MS ••• •• MS MS
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Figure 2. Relationship between photosynthesis and stomatal conductance in dim Iight

and at the three exposure times under bright Iight. Measurements taken iu August

1990. Species codes are canopy growth form: MA=A,. macrQl'hyllum, PL=A,.

l'Iatanoides, RU=A,. rubrum and SR=A,. saccharum; subcanopy growth form:

GI=,A. llinnala, PA =A,. palmatum, PN=,A. pensylvanicum and SP=,A. sl'icatum;

lowercase represents the shade treatment and uppercase the gap treatment.

Standard errors on the species means was 15-22% for photosynthesis and 16-20%

for stomatal conductance.
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A.. einnala and A.. palmatum while both parameters were consistently low in A..

pensylvanicum.

Internai CO, partial pressure

Leaf internai CO2 partial pressure (C~ in dim Iight was 340 ppm and shows negative

relationship with photosynthesis (Figure 3). After a 30 s exposure to saturation, Ci

dropped to a mean of 280 ppm. Mean Ci remained at 250 ppm in the two subsequent

measurement times. The negative relationship between photosynthesis and Ci was

evident at 0.5 min and 4.5 min but indistinct at 24.5 min, indicating that maximum g,

was reached. At 4.5 min, gap-grown seedlings c1early showed lower Ci and higher

photosynthesis with higher g, (Figure. 2,3), suggesting that gap-grown seedlings had

both more rapid stomatal opening and quicker biochemical response to onset of

saturating irradiance.

Photosynthetic induction pro.pertieS

ln 1991, 1examined, in greater detail, the pattern of photosynthetic induction rise to

steady state from dark-acclimated seedlings and subsequent loss of induction after

prolonged dark periods. Using the two species having a large contrast in A.n." Results

in Figure 4 indicates that the induction pattern to steady-state for A.. macrQphyllum

and A.. pensylyanicum was similar to measurements taken in 1990 (Figure 1). While 1

referred to steady-state photosynthesis at 24.5 min determined in the previous season,

this experiment showed that A.m. was reached after only 12 minutes of exposure to

saturating irradiance. After 24.5 min, the seedlings were shaded to 40 !tmol m'2 S·I (a

level similar to that of the dim Iight condition before the Iightfleck) for 4 min to

simulate a "darkfleck". Photosynthetic rate after the darkfleck was determined under

saturating Iight again by removing the shading for one minute. Lost of photosynthetic

induction during the three periods of 4-min darkfleck was greatest in gap-grown
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Figure 3. Relationship between photosynthesis and internai COz in dim light and at

the three exposure times under bright Iighl. Measurements taken in August 1990.

Species codes follows Figure 2; lowercase codes represent the shade treatment and

uppercase the gap treatmenl. Standard errors on the species means was 15-22% for

photosynthesis and 3-6% for leaf internai COz partial pressure.
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Figure 4. Patterns of photosynthetic induction rise to steady-state rate from dark­

acclimated seedlings and the subsequent loss of induction after three successive 4­

min darkflecks (hatched region). Each point is the mean (± ISE) of 3 replicate

plants. Two representative species of canopy (A. mac!VJ!hyllum) and subcanopy

(A. pen&ylvanicum) growth forms were chosen for this detailed determination

made in 1991. Measurements between darkflecks were made with bright light on

(1260 Ilmol m02 sol) for one minute.
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I!L. macroDh)/lIum while I!L. pensylvanicum showed \ittle loss of induction during the

same period.

Dim lil:ht photosynthesis. leaf N and stomata

Ali~ speçies were able to mainlain a positive mean seasonal assimilation at the 30

Itmol m'2 s') irradiance level (Figure 5). OveraIl, dim \ight photosynthesis (Ad">

decreased with increasing leaf nitrogen (r=-0.36, P=0.16, n= 16) suggesting that

there is a photosynthetic cost to high leaf N in dim light. This relationship is

significant (r=-0.56, P=0.03, n= 15) when shade-grown I!L. macrQphyllum is

excluded. There is a strong positive relationship between stomatal pore diameter and

Adim• In view of the overaIl negative relationship between stomatal density and

stomatal pore diameter, larger pore size appears to have a stronger influence on Adim•

Within speçies in generaI, stomata become smaller and leaf N higher in gap- versus

shade-grown seedlings (Figure 5) and overa\I, mean stomatal size decreased with

increasing area-based leaf nitrogen. These results indicate that those speçies with

larger stomata (A. macrophyllum and A. rubrum) had inherently lower carboxylation

cost (i.e., leaf N) which a1lowed them to atlain higher ~im' perhaps through a lower

leaf \ight compensation point. Gap-grown A... saccharum suffered the most in lerms of

nitrogen cost in Adim• this is likely the result of N allocation to its small total leaf area

(Table 2 in Chapter 4).

StQmata

Within a speçies, stomatal pore diameter remained a stable character both among

replicates (indicated by the relatively small variance) and between treatments (Figure

6: the connections between two treatments is generaIly fiat, Le., no treatment effect

[Table 1». However, much greater variation in stomatal density was observed.

Stomatal density was generaIly higher in gap-grown plants with A... paImatum showing

no difference between treatments. The gap- and shade-treatment effect was not
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Figure 5. The relationship among leaf nitrogen, stomatal pore diameter and dim light

photosynthesis (measured at 30 l'mol m·2 S·I). The bivariate plots of the three traits

are shown as projected surfaces a10ng the respective axes. Species means

calculated from 10 replicates. Species codes same as Figure 2.
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Figure 6. Mean (+ ISE) stomatal density and stomatal pore diameter of 4 canopy and

4 subcanopy Acer species grown under gap and shadc Iight treatments. Heavy line

connects the same species-population in the two lreatments. There was a

significant overall negative relationship (r=-0.59, P<O.OOI, N=32) and a

positive trend among species in the upper left cluster (r=0.40, P=O.054, N=24).

Bach value represents the mean of 5 plants. Species codes follows Figure 2,

population codes correspond to seed sources given in Table 1 of Appendix 1.
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statistically significant (Table 1) due to a large error term among replicates. Among

species differences were mainly attributable to the distinct separation between li..

palmalum and li.. einnala and ail the other species. While the high stomatal density in

these two subcanopy species showed a concordance with high g" this was not the case

for li.. macrQphyllum and li.. platanQides (Figure 2). These results suggest that

conductance was not affected within the range of stomatal density and pore diameters

of these species. In general, these stomatai traits are conservative within species as

the among population differences are smaller than those among species. The IWO

subcanopy species, li.. Palmatum and li.. einnala. were distinctly different from other

species by having smaller stomatai pore diameter and higher stomatal densily (Figure

6). This leads to an overa\l negative relationship between stomatal density and pore

diameter (r=-0.59, P<O.OOl, n=32; Figure 6). However, within the large cluster of

six species, there is a positive relationship (r=0.40, P=0.054, n=24) indicating a

subgeneric variation in stomatai properties in the forest maples. This variation may be

geographically based as stomatai density in the four Asian species: li.. palmatllm, li..

einnala, li.. buereerianum and li.. rufinerve (the last two species were examined in

Chapter 1) were ail greater than 580 mm·2•

DIscussion

While ail forest~ seedlings were above the light compp'nsation point at 30 l'mol

m'2 S·I, those species with larger stomatai pores and low leaf N tend to have higher

Ad... These results imply that Ad;'" is facilitated by species-specific stomatal

conductance associated with stomatai size (but not stomatai density), and the amount

of investment in carboxylation (determined by leaf N and its maintenance respiration

cost). If we infer shade acclimation based only on dim light pholosynthesis, li..

macrqphyllum and li.. rubrum, two canopy species, would be most successful in

persistence h. ;'.le shade. However, other properties such as poorer leaf display, less

efficient wood and root investment (Chapter 4- Table 1) could negate the whole plant

advantage Adim alone may confer. li.. macrqphyllum is a species that seemed to suffer
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less N cost of Ad;"" perhaps mediated by its high stomatal conductance in dim Iight

(Figure 2). For most of the~ species, additional cost of cambial expansion and

root respiration (Poortef ~ il! 1991) require additional light to maintain an overal1

positive carbon budget (Pearcy 1983).

Liehlfleck responses

Plants acclimated to the understory environments should take greater advantage of

sunflecks due to the general paucity of photon energy. This can be achieved in two

ways: first, architecturally through increasing the Iight intercepting surface area by

creating a monolayer of foliage (Horn 1971); this aspect of Agr ecology is discussed

in Chapter 4. Second, physiologically by leaves having a quick photosynthetic

induction rate where a steady state can be attained within a shorter time exposure to

high irradiance and then lose induction more slowly between sunflecks (Chazdon and

Pearcy 1986a,b, Chazdon 1988, Pearcy 1990). This also implies that high irradiance­

grown plants ought to show less efficiency in physiological sunfleck response. In this

study. photosynthetic induction state after 0.5 min of saturation light exposure was

37% and 38% for gap-grown plants (in canopy and subcanopy species respectively)

and 58% and 47% for shade-grown plants. After 4.5 min of exposure, the induction

state was increased to 68% and 55% for gap-grown canopy and subcanopy plants and

79% and 61 % for shacie-grown plants. These findings are consistent with the

expectation that shade-grown plants are acclimated to attain higher states of induction

than gap-grown plants (also shown in Figure 5, Chapter 1). However, based on actual

photosynthesis, gap-grown plants consistently out-performed the corresponding shade­

grown plants (Figure 1). The higher induction states in shade-grown plants were

achieved by virtue of their lowered steady-state assimilation rate. In terms of carbon

uptake then, gap-grown plants appeared to be better adapted to lightfleck utilization in

most Agr seedlings. Gross (1982) found similar results in Fraearia yireiniana. In a

simulated model of photosynthetic response to sunflecks, he found high-light-grown

(290 Itmol m'2 S·I) plants performed consistently better than those grown in low-light
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(80 JLmol m-2 S-I). The proportion of carbon uptake during a single suntleck of 0.5-,

1- and 2-min durations to the total in an hour (at 24-182 JLmol m-2 S-I) was 30-40%

higher for high-Iight-grown plants. Despite the lower slope of initial Iight response

curve (i.e. lower dim Iight photosynthesis), high-Iight plants attained higher rates

during the suntleck.

Chazdon and Pearcy (1986a,b) reported higher photosynthetic induction response in

Alocasia macrorrhiza, an Australian rainforest herb (shade-adapted) than I22lliI

australis seedlings, a canopy tree less tolerant of shade. They described the more

rapid attainment of steady-state assimilation and slower loss of photosynthetic

induction in the A. macrorrhiza as consistent with its Iight-Iimited environment.

However, since L austraiis was grown under a higher Iight regime, it was difficult to

evaluate the relative patterns of photosynthetic induction of the species with different

shade tolerance. Although the high-Iight-grown L australis showed slower induction

rate in Iightfleck response, its transient photosynthetic rate was in fact consistently

higher than A. macrorrhiza during the induction process. Even with its greater

stomatal and biochemical limitations in sunfleck response, L australis is capable of

higher CO2 assimilation. These findings raise a question how important the pattern of

photosynthetic induction actually is to shade-adaptation when the actual assimilation

rates contradict the adaptive argument based on relative rates. In considering the

growth and survival of understory plants, the actual rates of transient photosynthesis

ought to be the more relevant measure of physiological performance. In this study,

gap-grown plants not only possessed the capacity for high A"..,., they could aise

overcome stomatal and biochemical limitations sufficiently rapidly to show higher

carbon gain in the first 5 minutes of a Iightfleck. Coupled with comparable dim Iight

photosynthetic rates (Figure 1) and dark respiration (Table l, Chapter 4) to shade­

grown plants, 1 infer that maple seedlings in the gap cao weil withstand the Iight

condition in a closed canopy. Greater maximum assimilation capacity in this case

appears not te he a disadvantage for gap plants.
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Sunlleck response by understory plants is affected by stomatal conductance to varying

degrees (Pearcy ~t ill. 1985, Pearcy 1990). Severe depression of Ci during onset of

sunllecks can hinder the induction rate of photosynthesis. However, if modest levels

of stomatal conductance is maintained in low diffuse light, then assimilation during

the onset of sunllecks will be largely limited (> 85 %) by carboxylation factors

(Pearcy ~t ill. 1985; Chazdon and Pearcy 1986a). In this study, dim light stomatal

conductances (> 40 mmol m-2 5-1) were higher for aIl species (Figure 2), resulting in a

modest drop of Ci from 315-350 ppm in dim light to 220-300 ppm after 4.5 min in

high (Figure 3). These conductance levels impose only a small limitation on transient

assimilation rates and are considered an adaptive feature of understory plants (Pearcy

1987). While water Joss in the c10sed canopy posed little concern to the shade-grown

seedlings, it may be a more important factor for gap-grown plants. Sorne gap plants

such as !l.. macrophyllum and !l.. l:innala reached very high conductances at steady­

state (Figure 2). Such behaviour could conceivably induce severe loss of leaf water

potential during prolonged insolation in the gap. The maintenance of stable

photosynthesis in !l.. macrophyllum after 25 min in saturating light (Figure 4) suggests

that modest lengths of sunlleclcs do not impose an appreciable constraint on the water

balance of the leaf.

The conservative nature of stomatal aperture diameter between light treatments and

the tendency for stomatal density to increase under higher irradiance in the maples is

consistent with other reports (Bjôrkman ~t illI972a, Elifi 1988). The significant

relationship between stomatal density and stomatal conductance in steady-state

condition under saturating light (Mott e.t il!. 1982; this study: r=0.26, P<O.OOI,

N= 160) implies that stomatal density is an important pararneter in maximizing

assimilation even for understory plants, particularly during bouts of prolonged

sunllecks.

The negative relationship between stomatal density and stomatal pore length in~

seedlings is found in other herbaceous and woody species (Miskin and Rasmusson
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1970, Carpenter and Smith 1975, Elias 1988, Abrams and Kubiske 1990, Bongers and

Pompa 1990). Although this relationship can be associated with epidermal cell size

(Miskin and Rasmusson 1970) and ecologicaI status (Carpenter and Smith 1975), its

functional significance remains unclear. In the~ seedlings, stomatal density was

10w and pore diameter high in species with larger leaves, the opposite of smaller­

leaved species (Figure 3). Small-Ieaved species appeared to maintain higher levels of

stomatal conductance than other species (A.. macrQphyllum was an exception, Figure

2). It is likely that higher stomatal density plays a greater role in determining stomatal

conductance than pore diameter given similar regulation in stomatal opening and

c1osure. Stomatal regulation in A.. macrophyllum maintains a much higher opening

(i.e. conductance) than the other species and may be one factor in its superior

photosynthetic performance.

Conclusions

ln this study, 1 have shown that among 8 maple species, both transient and steady­

state photosynthetic rates appear to he species-specific. These rates are higher in gap­

grown plants than shade-grown seedlings, indicating that although rates of attaining

full induction state was slower for gap-grown plants, they are able to respond with

higher assimilation rates even in the first minutes of lightfleck. These results suggest

that lightfleck response of gap-grown plants are not compromised by their greater

pholosynthetic capacity when compared with shade-acclimated plants. These maple

species maintain high stomatal conductance in dim light allowing them to minimize

diffusion limitation at the onset of high irradiance. This character is considered

advantageous for seedlings surviving in the closed canopy but may exact a cost in

water 1055 for plant growing in forest gaps.
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CHAPfER 4: Functional design and relative growth rate of forest Acer species

grown under simulated shade and gap light regimes

Abstract

Eight species (two populations each) of 3- to 4-year-old~ seedlings were grown

under two light regimes simulating a naturaI forest gap and a closed forest canopy.

The objectives were 1) to identify a suite of morphological and physiological traits

underlying the juvenile growth of forest maple species and 2) to assess the effect of

the two light regimes on the functional relationships among traits. 1constructed a

model of functional design based on aboveground plant form, leaf structures and

physiology. and the carbon sink variables of wood density and fine root growth. The

path model used to assess the contribution of these traits to variation in the relative

growth rate in vertical height (RGRVH) shows that the functional design explained

95% and 66% of the variance in RGRVH (gap and shade treatments, respectively).

These findings suggest that the proposed design is a reasonable integration of traits

that influence whole plant performance in forest maple seedlings. Photosynthesis traits

alone cannot explain variation in growth but must be considered in concert with

carbon sink variables. Maximum photosynthetic capacity has a strong negative

influence on RGRVH suggesting that there is a cost to those species that maintain high

photosynthetic potential which is underutilized under these two irradiance treatments.

Canopy and subcanopy species did not differ in leaf level structuraI and photosynthetic

traits but they showed distinct patterns of carbon allocation to wood strength and shoot

growth. Canopy species invested the additional carbon resource acquired in the gap

treatment towards increasing wood strength while carbon investment in subcanopy

species was to increasing plant size. These results show the functional basis for

observations that subcanopy species are competitively superior under an intact forest

crown or small gaps and that canopy species can only make substantial vertical ascent

under large persistent forest gaps.
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General Introduction

In a light limited environment, traits involved in photon capture such as plant

architecture (Hom 1971, HaHé ~ al 1978, Chazdon 1985,1986c Küppers 1985), leaf

chlorophyH content (Boardman 1977, Koike 1988, 1990), leaf nitrogen (Terashima

and Evans 1988, Evans 1989a) and photosynthesis (Bjôrkman 1981, Pearcy 1990) can

all play a role in plant performance. Typically, the light regime in a forest varies from

>30% fuH sun for several hours a day in a modest gap (Runkle 1984, Canham

1988b) to < 5% fuH sun punctuated only occasionally by sunflecks under a fuH

canopy (Chazdon 1988). The limitation of light represents a dominant controlling

factor in understory plant growth and survival and is particularly critical for woody

seedlings. Juvenile trees must persist in the c10sed canopy for several years using the

energy from low diffuse light and pulses of sunflecks (see General Introduction).

Once a forest gap is created, woody seedlings such as Am saccharum (a canopy

species), and A.. pensylvanicum (a subcanopy species) respond with accelerated

growth critical to attaining reproductive sire (Canham 1985, Hibbs ~ al 1980). A

canopy seedling generally requires several gap episodes to reach the forest crown

(Runk1e and Yetter 1987, Runk1e 1990) indicating that persistence through the period

between gaps is also an important component of reaching maturity. Subcanopy species

attain adult sire in the forest understory and may be more shade-adapted than canopy

species. For example, subcanopy maple species tend to have a more effective light­

intercepting branching structure than canopy species (Sakai 199Oa,b). Investment in

wood strength may also be lower in the subcanopy growth form given its adult sire

but little is known about the patterns of biomass allocation between Am species. It is

c1ear that these plants must survive and reach maturity in a fluctuating light rr,gime

both in the short-term (i.e., sunflecks and deep shade) and in the long-term (forest gap

and closed canopy). We would expect a strong selection for plant characters that

confer persistence in deep shade but that can also respond effectively te the periodic

gap openings. We would also expect sorne variation in biomass allocation te growth
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and wood strength between canopy and subcanopy seedlings because of their

contrasting life history priorities.

Competitive ability and reproductive success are often associated with juvenile growth

rate (Maddox and Antonovics 1983, Lechowicz and Blais 1988), plant size (Reekie

and Bazzaz 1989) and time to reach maturity (Chazdon 1991). Therefore, in the forest

understory, relative growth rate (RGR) appears to be a robust character for the

assessment of whole plant performance in juvenile trees. Early life history of trees

involves significant mortality due to herbivore attack and pathogen infection

(Augspurger 1984a,b, Khan and Tripathi 1991) and self-thinning through negative

carbon budget (Harper 1977, Heu and Loucks 1971). Relative growth rate can serve

as an indicator of the general health of the seedling and its chances of future survival.

While studies of influence of plant traits on RGR are available in herbaceous species

(Poorter and Remkes 1990, Hirose 1987), such an analysis on woody species is

lacking (William and Buxton 1989, Atipanumpai 1989, Ceulemans 1990).

Recent studies have demonstrated that no single trait predicts plant growth and

reproductive success and that there is the need to consider the integrated effect of key

functional traits (Maddox and Antonovics 1983, Chapin ~1JlI 1987, Lechowicz and

Blais 1988, Atipanumpai 1989, Ceulemans 1990, Evans 1990, Farris and Lechowicz

1990). While photosynthetic traits may represent the potential carbon pool available to

the plant, it is the partitioning of carbon to shoot extension, wood strength (i.e., wood

density) and root that determines whole plant performance (Grime and Hunt 1975,

Calow and Townsend 1981, Poorter and BergkoUe 1992). A similar paucity of

information exists regarding the integrated effect of light-mediated traits on whole

plant performance. Despite the rich experimenlai evidence demonstrating phenotypic

acclimation in plants to reduced irradiance (e.g., Wylie 1951, Jackson 1967, Logan

and Krotkov 1968, Wild 1979, Bjôrkman 1981, McClendon and McMillen 1982,

Osmond 1987, Givnish 1988), only a few studies have Iinked the adaptive value of

these changes under shading to variations in whole plant performance. For example,



94

Shirley (1929) described the correlated effeet of thicker leaves and higher root:shoot

ratio to increased growth under high irradiance. ln an Europeall hedgerow community,

Küppers (1984a,b,c, 1985) demonstrated the potential contribution of physiology and

biomass allocation to the competitive ability of species at various sl'.ccessional stages

of community development. For woody plants, a quantitative evaluation of the effeet

of high and low light on the interactions among plant processes and their influence on

growth is an essential next step in our understanding of the functional basis of shade

adaptation (Atipanumpai 1989, Ceulemans 1990).

ln this study, 1examined the light-induced responses of a suite of plant traits and their

integrated effeet on who1e-p1ant performance measured as the relative growth rate

(RGR) in vertical height. 1constructed a model of functional design for a group of

forest Am. L. species that share similar ecological requirements in the juvenile stage

but vary in growth forms and life histories. The model includes leaf level and whole

plant level characters that can influence height growth direetly or indirectly. This was

done using path analysis (Wright 1921, Li 1975, Pedhazur 1982) where the strength

of trait interactions can he assessed by the direction and magnitude of path

coefficients. The irradiance effeet on the functional relationships in the seedlings was

analyzed by treating gap- and shade-grown plants separately.

This study will he presented in two parts. Part 1 focuses on the the justification for

the traits included in the path model, the path structure, and the outcome of the path

analysis. Part 2 explores various ramifications of the path model, especially additional

aspects of branching architeeture and shade acclimation in traits germane to the

eco10gy of map1e seedlings. This includes an evaluation of biomass allocation to wood

strength (i.e., wood density) versus relative growth rates in height, total twig length

and stem basal diameter that can lead to significantly different seedling survival,

particular1y under dense canopy shade. Bach part will have its own brief introduction,

methods and resu1ts but the interpretation of the results will he combined in a single

concluding discussion.
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Part 1. The path model

Introduction

Path analysis, first introduced by Sewall Wright in 1921, is similar to a multiple

regression analysis in that a suite of characters are used to explain the variance of a

determinant trait. But path analysis has the advantage of a1lowing the partitioning of

direct and indirect effects of one variable on another in a hypothetical causal structure

(a path diagram). The path diagram a1so resembles the mechanistic design used in

simulation growth models (e.g., Reynolds and Acock 1985, Thornley and Johnson

1990) but the complexity is reduced to a more parsimonious set of key traits. Path

analysis provides a test for consistency between expected and observed interactions

among variables and unusual linkages cao offer new insights into the functional

relationships in the system (Schemske and Horvitz 1988). Path analysis cao be used as

an inductive tool (Mentis 1988) to generate novel functional structures through the

modification and testing of existing models (Li 1975). The model presented in this

study is a "forest maple" model where key plant traits of eight forest~ species

were used to construct a functional design by which the relative growth rate of height

in juvenile maples is determined.

Methods and the Path Model Structure

The path coefficients specified in the functional model were estimated using EzPath

(SYSTAT Inc, Evanston, l11inois, Wilkinson 1990). Model specification procedure

follows Steiger (1989). To circumvent possible violation of normality among variables

(required for the Pearson Product Moment correlation analysis), 1 used a Spearman

correlation matrix as the input data for EzPath. While the path coefficients in the

model presented here was estimated using a Spearman correlation matrix, similar

results were obtained in variants of the present model using Pearson coefficient

matrices. The Maximum Likelihood method in EzPath was chosen to estimate the path
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coefficients because it generates the same coefficients as those independently derived

from procedures given in Li (1975).

Path model structure

The model of functional design in~ (Figure 1) is composed of four distinct

components. 1. The aboveground plant structure is represented by total leaf area

standardized against totallength of twigs in the crown. 2. Whole plant carbon sinks

are represented by wood density and fine mot density. Bath these traits share the

available carbon pool with shoot extension growth. 3. Leaf structural traits are

represented by specific leaf mass (SLM), leaf N and chlorophyll a:b. Ali three traits

are highly responsive to growth irradiance (Chapters 1,2). 4. Carbon assimilation

potential is represented by the steady-state rate at saturating irradiance [1260 l'mol m-2

s'\, A",.J, transient rate after a 30 s exposure to saturating irradiance [Alli.] and

steady-state rate in dim light [30 l'mol m'2 S'I, Aw.,». Based on functional relationships

(given below), the linkages among the four components represent a plausible causal

sequence of traits affecting growth in the forest maples. Justification of the path

connections is given in following text.

1 used relative growth rate in vertical height (RGRVH) as the dependent variable to

represent whole-plant performance. This traditional growth parameter is also

significantly correlated with RGR in total twig length (r=0.46, P<O.OOI, n=I60)

and in stem basal diameter (r=0.47, P,O.OOl, n= 160). Height growth is important in

maintaining a competitive advantage in light over neighbouring plants and the vertical

ascent to the forest crown is critical to the future reproductive success of canopy

seedlings. Among-species variation in the relationship among RGR in vertical height,

total twig length, basal diameter and wood density are further assessed. This allows

the identification of trade offs among contrasting patterns of biomass allocation.
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Figure 1. Path diagram depicting the functional design of the eight forest Am

species: PL. macrgphyllum, A... platanojdes, PL. rubrum and PL. saccharum (canopy

form); PL. gjnnala, A... palmatum, PL. pensylvanicum and A... spicatum (subcanopy

form). The path analysis was run on the input of Spearman correlation matrix

derived from species means. Gap and shade treatments were analysed separately.

the two path coefficients for each Iink represent gap and shade (in brackets). U=

residual path coefficient where R
2

(MODI!L.VORO)+R
2
(U.VORO) = 1.
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The architecture of the aboveground plant structure is represented by the residual total

leaf area (LAR"J. This parameter is derived by estimating, for each seedling, the

residual leaf area from a regression of total leaf area on total twig length of ail

seedlings. LARI'~ is, in effect, total leaf area standardized to unit twig I(~ngth. Using

this parameter in the path analysis instead of the raw leaf area values removes the

possible confounding effect of allometry between size-dependent leaf area and relative

growth rate in plant height. As the leaf area standardized to total twig length, LARES

also represents the proportion of total production surface area to the total supporting

structure, an estimate of the leaf display efficiency (LOI) of the maple species.

Discussions of the relationships between LARES and altemate measures of LOI among

maples are given in Part 2.

Wood density represents the seedling's investment in both structural strength (King

1991) and in barriers to pathogen attack (Loehle 1988). We would expect a direct

trade off between high investment in wood fibre and low shoot extension growth. The

amount of total leaf area represents the potential carbon income whose contribution to

growth is amortized through its allocation to wood and root investment. Production of

fine roots is the principal belowground carbon sink (Marshall and Waring 1985, Fitter

1987, Van Den Driessche 1987). There is a direct demand function of total leaf area

on fine root density for the supply of water and nutrients required in photosynthesis.

Since fine root density is highly correlated with fine root production rate (r=O.97,

N=16), it also represents the short-term carbon cost. High root density then is

expected to inversely affect overall growth rate.

Specifie leaf mass represents both the investment to photosynthetic apparatus and the

structural and respiratory costs of this function. High SLM generally leads to higher

photosynthetic capacity under saturating irradiance (McClendon 1962, Ledig and

korbobo 1983, Jurik 1986, Koike 1988, Reich ~ il 1991) but will also impose greater

carbon cost in dim light when the photosynthetic apparatus is underutilized.
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Therefore, the carbon retum in unit leaf investment (i.e.• SLM) could affect seasonal

carbon uptake and influence season growth.

Leaf N (area-based) is indicative of the carboxylation potential of the leaf directly

affecting the assimilation rate (Field 1983, Field and Mooney 1986) and should have a

direct effect on photosynthesis under saturating light level: A..., and A3", (these are

leaves previously kept in the shade for >30 min then exposed to saturating light for

30 s).

Chlorophyll a:b represents leaf acclimation to the growth irradiance where lower Chi

a:b in shade-grown plants acts to increase the Iight harvesting capacity of Photosystem

(PS) II to maintain energy balance with PSI (Chow ~ li!. 1990a,b). Chi a:b and total

chlorophyll content (the two are negatively correlated) could affect the efficient use of

dim light and shade-grown seedlings are expected to show a negative link between Chi

a:b and Adim (photosynthetic rate under 50 l'mol m-2
S-I irradiance).

A,... is the steady-state photosynthesis after a 24.5 min exposure to saturating

irradiance (1260 l'mol m-2 s-I). The ability to utilize high light should be greater for

those plants with greater amounts of photosynthetic apparatus as indicated by SLM

(Walters and Field 1987, Pompa and Bonger 1988, Sims and Pearcy 1991, Tumbull

1991) and carboxylation potential as indicated by leaf N (Sage ~ li!. 1987, Seemann ~

1111987, Suzuki ~ li!. 1987, Evans and Terashima 1988, Evans 1989b) and A...,

represents the carbon acquisition potential of the leaf under sustained high light.

Similarly, Adim is the production variable that most contributes to growth under low

irradiance levels. The ability to maintain carbon uptake under the ambient diffused

light of the forest understory should he high in those plants that are "shade-tolerant"

or show leaf-Ievel acclimation in leaf N and SLM and chlorophyll to the shade

treatment. A301 is the transient photosynthetic rate of the dim light-acclimated plant at

30 s after exposure to saturating light. This variable estimates the influence of the

sunfleck response on growth. Since the influence of sunflecks on growth is more
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critical in shade plants (Pearcy 1983), we would expect the Iink between Adim and

growth to be strong. This trait is assumed to be dependent of both the Iight (Chi a:b)

and dark (Leaf N) reaction centre properties. The sequence of Adim- >A30s- >Amax is in

essence a depiction of the species-specific Iight response curve under the two Iight

treatments. Variation in the linkage strength between the two growth irradiance levels

may be interpreted as photosynthetic acclimation. 1 used the seasonal mean (of four

censuses taken in June-September 1990) of the three assimilation traits in the path

analysis.

Results

Overall, the functional model accounts for 95% (gap treatment) and 66% (shade

treatment) of the variance among seedlings for relative growth rate in vertical height

(RGRVH, Figure 1). The relatively high unexplained variance in the shade-grown

plants may be associated with the largely determinant extension growth during the

spring flush and the smaller effect current-year functional traits have on the current­

year measurement of RGRVH in the slower growing, shaded plants.

Those species with a high total leaf area leading to a lower wood density (negative

path coefficients for both treatments, Figure 1) suggest there is a partitioning of

available carbon pool between leaf biomass and wood strength. In contrast, there is a

positive al10metric relationship between total leaf area and total root density, which

supports the expected supply function of leaves on root activity. Raot density also

contributes to the maintenance of high maximum photosynthetic rate at the single leaf

level as indicated by the positive coefficients in both Iight environments.

Specific leaf mass has a positive effect on leaf N, chlorophyll a:b and Amax (Figure 1).

High SLM is generally associated with greater photosynthetic capacity through

increased leaf N per unit area and ChI a:b. Contrary to this expectation, the indirect

effect of SLM on Amax through leaf N is negative. If we examine the bivariate
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relationship between leaf N and A",.,., the trend in both the gap- and shade treatments

is positive except for li.. saccharum (Figure 2). The anomalous negative coefficients

from leaf N to A",.,. in the path model is thus attributed to an exceptionally poor

nitrogen use efficiency of photosynthesis (l'mol sol of C~ uptake per gram nitrogen)

in li.. saccharum. The effect of leaf N in li.. saccharum on AlOI ("lightlleck" response)

is a1so weaker than the other species (Figure 2, Adim versus leaf N in both treatments),

but the overaIl path effect from leaf N to AlOI was positive, supporting the functional

importance of carboxylation capacity (represented by leaf N) even in short duration

exposure to high Iight. The positive inlluence of the effect of chlorophyll a:b on dim

Iight photosynthesis is negative, consistent with the adaptive expectation that those

species with proportionally higher chlorophyll b attain higher dim Iight photosynthetic

rates. Interestingly the higher ChI a:b ratio is maintained in the gap-grown plants

supporting its functional advantage even under moderate levels of growth irradiance.

The positive effect of chlorophyIl a:b on AlOI indicate that the level of light harvesting

pigments covary with leaf N where high chlorophyIl a:b promotes high Iightlleck

response. ChlorophyIl a:b has a contrasting effect on dim Iight and transient

photosynthetic rates.

There is a positive sequential inlluence from Adim to AlOI to Amo• in the shade

treatment indicating a correlated Iight response at the three irradiance conditions.

There does not appear to he a trade off between dim Iight and steady-state

photosynthesis at saturating Iight in shade plants. This could he attributed to the

modest increase from Adim to A",.,. (Table 1) in shade-grown plants being insufficient

to revea\ a trade off (there are "shade" leaves that have low Amo. which does not

warrant a trade off). In contrast, gap plants show a negative relationship between Adim

and A",.,. through AlOI consistent with the expected trade off in high-light-grown

leaves. The high magnitude of path coefficient from AlOI to Amo• indicate that

properties that promote efficient Iightlleck response a1so lead to higher steady-state

rates in saturating Iight.
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Figure 2. The scatterplot matrix of plant traits used in the construction of the path

diagram (Figure 1). Each plotted point is the mean for the species designated by

the letter: M=A. macrophyIJum, L=A.. p1atanoides, R=A.. rubrum and C=A..

saccharum; subcanopy growth form: G=A.. einnala, A=A.. palmatum, P=A..

pensylyanicum and S=A.. spieatum. Plots within a heavy frame have Spearman

correlation coefficients at P<0.1.





103

Table 1. Summary of plant traits in the eight !5!t species (meant1SE, "=10) in the gap and shede treatments.
Trait. in bold are used in the path model. LDl l ta the lesf dfsplay index expressed as the total Leaf aree
(cm7) per cm twlg length (cm) and LDl w the total Leaf arel per 9 t"'19 dry masse For each trait, the upper 4
are canopy specfes and the lower 4 s\b:anopy species. Species codes are canopy growth torm: MA:!:,
IMcrOPhvllun, PL-!:.. platanofdes, RU~!:. rlilrLm and SR=!:. sBC'cheruni SubcBnopy growth form: GI=!:, 9lmala,
PA-!.&. ealNtUll, PN=!z. pensylvBnfcUl'l and SP=A.:. splcltlln.

lUF !UlIS

SP LEAF MASS (g) LEAVES PER PLANT TOTAl lEAF AlEA (cm')
GAP ~ GAP SHAnE GAP SHAnE

MA 8.6.0.7 7.400.7 13.001.2 17.202.2 167W83 17590221
PL 7.3.0.5 6.6.1.2 34.405.1 27.103.5 18490162 20790366
RU 10.3.0.7 8.3.0.5 53.6.4.2 57.103.2 22110117 22030135
SR 3.0.0.9 1.000.3 23.705.5 8.600.9 7200225 331086

01 5.100.4 3.400.4 128.2011.2 99.6.9.8 13800123 9270114
PA 4.8.0.7 2.500.4 126.0019.4 76.109.3 11820156 7290105
PN 7.3.1.2 4.001.0 20.403.4 18.604.0 20480321 15250376
SP 8.1<0.4 6.700.6 43.806.8 50.705.9 18430150 24220196

SPECIFIC lEAF MSS lEAF • (g.m·')
(g.m·')

!i!e ~ GAP SHAnE
MA 44.302.4 32.602.6 0.97500.084 0.90500.055
PL 29.8.1.4 26.100.5 0.73200.049 0.66100.030
RU 42.501.5 30.900.8 0.81000.036 0.59700.035
SR 39.0.0.9 28.100.9 1.278.0.076 0.84900.033

01 43.6.1.8 35.701.4 1.08800.043 0.810.0.035
PA 36.801.0 28.901.0 0.94000.039 0.75400.035
PN 30.901.6 21.901.5 0.69200.035 0.50000.034
SP 36.001.3 25.500.9 0.70200.032 0.60600.019

SIIXlT TIAITS

TWIO MASS (g) TOTAL TWIO LENOTH (cm) LOI, (cm'.cm·') LDl w (cm2.s"')
GAP ~ !i!e ~ !i!e SHAnE GAP SHAnE

MA 24.2.2.7 20.601.2 9606 10004 19.103.1 17.902.4 82015 89013
PL 17.901.7 14.902.9 10006 98016 19.401.7 20.502.6 114010 158015
RU 28.001.6 22.801.9 18208 18608 12.300.8 11.800.7 8207 10006
SR 4.001.5 1.300.4 44014 2404 16.102.6 12.301.5 197025 266031

01 13.201.5 9.401.1 286027 234020 4.900.2 4.1<0.5 10909 10Ttl0
PA 18.502.8 6.901.1 265036 176025 4.500.2 4.200.4 6907 11408
PN 21.505.4 14.304.2 133026 108026 18.002.0 14.600.6 157030 197039
SP 24.001.7 18.601.6 16106 19,.16 11.300.7 12.800.7 7906 139016

lIIllIlE l'UlIT TIAITS

VERTI CAL PLANT TOTAL ABOVEOROUNO RooT'SHooT UlIlII DElSln (g.m·')
HEIOHT (cm) MASS (g)
GAP
~

GAP
~ !i!e ~ADE GAP SHAnE

MA 89.W.6 91. 0 .1 32:702.3 28." .7 1.1900.11 O. 00.07 0.6100.01 0.5700.01
PL 60.6.5.6 60.6011.2 23.901.6 21.303.8 1.2800.13 0.6900.06 0.7"0.01 0.6500.02
RU 98.405.3 107.807.0 38.301.9 31.102.4 0.8000.03 0.6500.04 0.6300.01 0.61<0.01
SR 23.505.2 17.003.7 7.002.4 2.300.6 0.6900.08 0.6800.07 0.6600.02 0.6000.05

01 56.504.0 56.203.9 18.301.8 12.8.1.4 1.2100.10 1.0700.11 0.6900.02 0.6800.01
PA 53.0.7.9 37.706.9 23.203.5 9.301.4 0.3200.02 0.3100.03 0.6600.02 0.6700.02
PN 89.0015.2 71.6017.5 28.806.6 18.305.2 0.5000.03 0.4700.02 0.5800.01 0.6000.04
SP 115.505.0 105.008.5 32.102.0 25.202.0 0.6300.04 0.5400.04 0.5600.01 0.5500.01

!IOO! !UITS

RooT MASS (g) FIlE IODT DElSln FINE RooT PRODUCTION
(cm"') RATE (daY·' x 0.01)

§!e ~ §!e ~ §!e ~
MA 36.901.7 21.501.6 0.7700.09 0.5600.02 2.0300.43 1.0500.15
PL 34.803.7 15.503.1 1.1500.10 0.6500.13 2.7600.30 1.7500.33
RU 30.5.0.8 19.801.1 1.3300.11 0.8100.06 3.5900.55 2.3"0.18

(
SR 5.101.9 1.700.5 0.23.0.07 0.1600.02 0.8100.42 0.5700.13

01 22.302.7 13.901.9 0.5700.08 0.3800.06 1.88t0.31 1.1900.23
PA 7.601.2 2.700.4 0.1600.01 0.1400.02 0.4400.05 0.4100.08
PN 15.103.6 8.902.6 0.2800.04 0.1100.03 1.1100.15 0.3500.06
SP 20.902.3 13.801.7 1.6400.19 0.9a.0.16 4.3800.33 2.4300.34
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ln both treatments, relative growth rate in vertical height (RGRVH) was negatively

affected by increasing wood density, root density and A,.... Bath wood densily and

root density act as drains on carbon in the assimilate pool and are expecled 10 behave

inversely with growth. The path coefficient of root density to RGRVH was grealer in

the gap treatment (-1 versus -0.22 in shade, Figure 1). These results are consistent

with the earlier findings that proportional investment 10 root versus shoot growlh was

greater in gap-grown seedlings (i.e., higher root:shoot ratio, Table 1) leading t('l a

greater trade off between the two structural components. The negative palh fron: A",..,

to RGRVH (in both treatments) may first appear anomalous but is in fact biologically

consistent with the experimental design. The method used to measure Amax (under

saturating artificial light at 1260 J.lmol m-2 S·I) was not typical of the growth irradiance

experienced in both treatments. Exposure to saturating PPFD at 24.5 min was

necessary to fully induce the steady-state rate in these seedlings but high response 10

this condition may represent a costly but underutilized photosynthetic apparatus that

draws resources away from growth, lead to a negative link between the Iwo variables.

Transient assimilation rate (A3a.> has a positive direct affect on growth in both

treatments. This is consistent with the expectation that sunfleck utilization contributes

significantly to growth. Transient response could also benefit gap-grown seedlings

experiencing fluctuating light through the lath roof. The direct effect of dim light

assimilation (Adïml on growth is positive Îli the gap treatment but has no erfect in the

shade. In the path modelling exercise, 1 found that this path link was particularly

sensitive to changes in the specification of other connected traits, suggesling that the

direct influence of ~im to growth is weak and unstable. The bivariate plot shows Adim

negatively correlated with RGRVH in the gap treatment. This is consistent with the

expectation that improved~ trades off with more efficient high light photosynthesis

(negative path coefficient from~ to AJa.> that has a stronger effect on growth.

In general, the interactions of traits used in the path model are consistent with the

functional basis of plant processes stated earlier in the path model structure. While lhe

connecting path coefficients vary indicating a treatment effect, the basis of this
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variation in treatment response among maple species requires additional analysis. The

following section provides this analysis on key components that can be linked to

additional variables not in the present mode\. 1will a1so assess the use of RGR in

vertical height as the performance trait in relation to functionally related variation in

the RGRs of total twig length and stem diameter.

Part 2. Shade acclimation and RGR in maple seedlings

Introduction

This section deals with functionally important plant traits that have not been addressed

in detail in the path analysis or in the previous chapters. Traits such as branching

architecture and leaf display index can reveal variations among species affecting

whole plant fitness (Chazdon 1985, Canham 1988a). These traits are not included in

the path model because their estimates (using overal1 plant size parameters) can

confound the path analysis where relative growth rate in height is the determinant

variable. Leaf level traits inc1uded in this section such as SLM and photosynthesis are

represented in the path model but here 1 explore in more detail the patterns of

acclimation to gap and shade among species.

Traditional1y, relative growth rate is estimated as changes in vertical height or in

overal1 size but these may not be the only relevant measures in the case of juvenile

trees. Variations in lateral shoot growth represent strategies in biomass allocation that

will affect growth form and Iight capture. Investment to wood density represents

anather share of the available carbon pool closely Iinked to overall growth. While

there is variation in wood density among maple saplings (Lei and Lechowicz 1990),

the consequences of this trait on growth has not been c1early established (Zobel and

Buijtenen 1989).
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Materiais and Methods

The eight~ species examined in this chapter include four canopy species:~

macrophyllum Pursh., !h platanoides L., !h rubrum L. and!h saçcharum Marsh.;

and also four subcanopy species: !h I:innala Maxim., !h palmatum Thumb., !h

pensylvanicum L. and !h Spicatum Lam. The experimental design is given in Chapter

2 (Figure 1) and a description of the simulated gap and shade light treatments for the

seedlings in Chapter 1. Plant traits measured include leaf characters (specifie leaf

mass, chlorophyll and nitrogen levels), physiology (steady-state photosynthesis at low

and saturating irradiance levels, dynamic photosynthesis simulating sunfleck

response), and whole plant characters (Ieaf display index- leaf area/twig length or

mass, branching structure, wood density, fine root production rate). The wood density

of oven-dried twigs (total sample) was determined by weighing and volumetrie

displacement of water. Other traits and the harvesting procedure were given in

Chapter 1. Seasonal relative growth rate in vertical height and total twig length (cm

cm-I yr l ) and stem basal diameter(mm mm,1 yr l ) were estimated as Ln(~)-Ln(hl)

(from eq. 10.7, p. 349, Sestak ~ 1Il1971) where hl was determined in April 1990

and h2 in OCtober 1990. For most traits examined, the between population variation

was small relative to differences among species and treatments; therefore, the

following results will largely show only species means derived from pooling the two

populations.

Results

Plant form

In general, subcanopy species showed a greater light-mediated responsc in growth

than the canopy species (e.g., apical shoot length and total aboveground mass in A..

palmatum and A.. I:innala versus A.. macrophyllum and A.. rubrum). This growth

response is solely due to the effect of PPFD and not influenced by R:FR ratio as
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demonstrated in Chapter 1. As the flushing of spring leaves is associated with a

predetermined number of leaves and an associated amount of shoot extension, no

height difference would be expected if production of neoform leaves was absent.

Although most species showed a stronger determinant height growth in the shade­

relative to the gap treatment, PL. macrwbyllum did not show further growth extension

even in the gap treatment (Table 1). Similarly, the total leaf number and total leaf

area of PL. macrOJ)byllum were not different between the two treatments but total leaf

biomass was higher in the gap because of greater leaf density (SLM). Among the

species, PL. saccharum seedlings were smallest in size but (along with A.. platanoides,

A... palmatum and A.. ~jnnala) showed significantly greater neoform leaf production in

the gap treatment (Table 1). The latter two species had the smallest mean leaf size

(9.3-10.8 cm2), about 1/10 that of PL. macrOJ)hyllum (102.3-128.8 cm2
). There was no

discernible treatment effect on mean leaf area within species. To support the large

number of leaves, PL. palmatum and A.. ~innala also had long twigs. The twigs in

these two species were lighter per unit length (cf. total twig length and twig mass in

Table 1) than the other species but with comparable wood densitYi these results mean

that, among the maples, twigs of these two species were more slender and flexible,

forming an arching stem with numerous lateral shoots (Figure 3). Seedlings of all

species increased belowground growth in under the gap irradiance treatment

(root:shoot ratio, Table 1) and the response was generally stronger in canopy species

(except PL. saccharum). At 0.68, the root:shoot ratio in PL. saccbarum is higher than

the 0.35 reported by Marks (1975) for forest-grown seedlings. 1estimated the

allocation of additional biomass (to root versus shoot) gained in the gap treatment (the

difference in total plant mass between gap- and shade-grown seedlings) and found that

canopy species invested 75 % of the additional biomass to root while it was only 27%

in subcanopy species. Clearly, when subcanopy species experienced a modest increase

in light resource. they place greater priority in growth to the aboveground part and

the priority in canopy species appeared to be increased water and nutrient uptake

potential.
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Figure 3. The extent of arching in the main stem of seedlings measured as the

difference between the linear stem length and the vertical distance from the soit

surface to the highest point on the main stem. Species means (+ 1SE) calculated

from 10 replicate plants. Arrows indicate the change from shade to gap treatment

in each species. Species codes are canopy growth form: MA=A.. macrophyllum,

PL=A,. platanoides, RU=A.. rubrum and SR=A.. saccharum; subcanopy growth

form: GI=A.. einnala, PA = A,. palmatum, PN=A.. pensylYanicum and SP=A..

spicatum.
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Canopyand subcanopy plants are fundamentally different in architecture. Ouring the

gr~ ving season, subcanopy plants produced more lateral branches than canopy plants.

SixtYpercent of canopy seedlings remained single-stemmed at the end of the sea50n

while only 18% of subcanopy seedlings did 50. Subcanopy plants produced

significantly more lateral shoots (frequency distribution between classes: 0=0.375,

P<O.OOI, nl=80, n2=80, Kolmogorov-Smimov two-sample test). Treatment did not

affect the changes in the number of lateral shoots within species. Ail four canopy

species showed Iittle stem curvature (more erect) and tended to be determinant in

growth with small vertical height increases (Figure 3). The difference between

vertical and Iinear plant height represent the degree of bending in a seedling. Stems of

subcanopy species lendeJ to be more flexed especially in li.. ginnala and A...

palmatum. They lended to be more indeterminant by having greater height growth

from shade to gap than canopy species. A... gjnnala has strongly curved stems where

grealer stem elongation in the gap was masked by bending of the terminal shoot.

Module number was generally higher in the subcanopy species (4-16 vs. 1-13 in

canopy species). High module number in A... rubrum is due to the high irradiance in

the common garden where the plants were grown previous to the experiment (lateral

branching proliferates in high Iight, Pickell and Kempf 1980). Increased arching in

concert with the grealer number of laleral shoots, allowed the subcanopy seedlings to

display a monolayer of leaf ~_rea with less self-shading while canopy plants tended to

be multilayer with great~r "',,,.; 10minance and self-shading.

Leaf Display Index

The efficiency of leaf display can be quantified by estimating the cost of structural

tissue (as total length of twigs or as dry mass) supporting the photosynthetic surface

area (Le.• the leaf display index or LOI). Figure 4 shows the paramelers used lo

estimale LOI among maple species and Table 1 gives the derived values of LOI. In

lerms of leaf area per unitlength of twig (LOIJ. A... gjnnala and li.. palmatum leaves

were the least efficiently displayed and the two canopy species A... macrQphyllum and
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Figure 4. Twig length. twig mass and tota1leaf area are three aboveground structural

traits used to estimate leaf display efficiencies (LDIL, LDIw) and the standardized

leaf area (LARa'!) among maple species. Seedling size can be derived from the

location of the species on the 3-D space where the small size of PL. saccharum is

evident. Species codes same as Figure 3, uppercase= gap treatment and

lowercase= shade treatment.
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I!L. platanQjdes were the mQst efficient (Table 1). The estimatiQn Qf abQvegrQund

structural trait L ·.us used in the path analysis is derived frQm the relatiQnship

between leaf area and twig length (Figure 4). ThQse species belQw the regressiQn line

(Ieaf area= 1342+1.43*twig length) have IQwer standardized leaf area. NQ treatment

effect is detected with this estimate Qf leaf display (Table 2). When LOI is expressed

as area per unit twig dry weight (LDIw), the difference amQng these species became

marginal. The allQmetric relatiQnship between leaf area and twig mass is strong

(R2=0.72) amQng the species (Figure 4). The high values Qf LOIw in A. saccharum

may be indicative Qf its IQW structural investment tQ leaf area that aids in maintaining

a positive carbQn budget in the forest understory. Within species, there was a

significant improvement in weight-based leaf display index under gap treatment

associated with proportional greater leaf versus twig growth (Table 1). These results

iIIustrate that estimates of leaf display efficiency can vary significantly depending on

the unit of measure for leaf support, LDIL relates stronger to the physica1

configuration Qf the light-intercepting surface while LDIw is a better estimate Qf the

relative carbon costs of leaf to support structures.

PhysiolQgical perfQrmance

There was significant among-species variatiQn in photosynthetic acclimation to light

treatments (Table 2, Figure 5). FQr most species, Am.. was higher in gap-grown

seedling (arrow pointing upwards), but nQ such increase was apparent in dim light

photosynthesis. For example, A. macrQphyllum with the highest Am.. showed a

decrease in dim light photosynthesis when grQwn in the gap. In Figure 5 both the

magnitude and the angle (e.g., from the vertical) represent acclimation in

photosynthesis for each species. Overall, between-population variation in a species

was low but there were significant differences among species, even within a growth

form class (Figure 5). In two canopy species, Am.. in A. saccharum was only between

2.3 and 4.5 "mQI m'2 s'\, while rates were three times greater in A. macmphyllum.

Only six species-population (out of 16) showed photosynthetic response patterns
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ïable 2. Analysis of variance results of plant chafacters paftitioned among treatment (gep, shade),
cleBs (canopy, subcanopy), specfes (SP) aM populations (P). Species and populations used are uiven
in Figure 1 (Chapter 2). Approprfate MS error tenms derived fram Winer (1971) and fa shawn in Table
1 (Chapter 2). NS P>.DS; * P=D.OS; ** P=O.01i *** P=O.001. Leet display Indices are LDI I - total leef
sreal total twig length, lDl w• total leef areal twi9 masse Fine root production rate is expressed
os nuri>er per day.

TRAIT SOURCE OF VARIATION

TREAT CLASS T·C SPICI P(SP,CI T·SP(CI T·P(SP,CI
LEAF TRAITS

LEAF MASS ••• NS NS NS ••• NS NS
LEAVES PER PLANT NS NS NS ••• NS • NS
TOTAL LEAF AREA NS NS NS NS ••• NS NS
SPECIFIC LEAF MASS ••• NS NS • ••• •• NS
LEAF N (ar.a-bosedl ••• ••• NS ••• ••• ••• NS
CHLOROPHYLL • •• NS NS •• NS NS NS
CHLOROPHYLL b ••• NS NS NS NS NS NS
TOTAL CHLOROPHYLL •• NS NS •• NS NS NS
CHLOROPHYLL a:b ••• NS NS ••• NS NS NS

SHOOT TIAITS

TWIG MASS ••• NS NS NS ••• NS NS
TOTAL TWIG LENGTH NS NS NS • ••• NS NS
LOI, NS NS NS NS ••• NS NS
LOlw • NS NS NS ... •• NS

lIllll.E PIMT TRAITS

VERTICAL PLANT HEIGHT NS NS NS • ••• NS NS
TOTAL ABOVRGROUND MASS ••• NS NS NS ••• NS NS
ROOT-TO-sHOOT RATiO • NS NS •• ••• •• NS
WOOD OENSITY • NS •• •• • NS NS

IOOT TRAITS

ROOT MASS •• NS NS • ••• • NS
FINE RooT OENSITY INDEX • NS NS ••• • ••• NS
FINE ROOT PRODUCTION RATE •• NS NS ••• NS • NS
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Figure 5. Photosynthetic response to dim and saturating lights in eight~ species (2

population each) grown in gap and shade treatments. Open symbols are canopy

species and c10sed symbols subcanopy species. The average standard error for dim

light and high light photosynthesis was 26% and 17% of the respective means.

Length and angle of the connecting line represent the magnitude and direction of

photosynthetic acclimation. Species codes same as Figure 3; population codes

correspond to seed sources given in Table 1 of Appendix 1.
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consistent with shade acclimation: higher dim Iight rates and lower high Iight rates in

shade-grown versus gap-grown plants of each species (i.e., arrow pointing towards

upper left corner).

"Sunfleck" photosynthesjs. leaf N and total chlorQphyll

Forest maples demonstrated a rapid response to the onset of saturating Iight after

being acclimated in dim light. At 2.20±0.18 and 1.96±0.19 /Lmol m'2 S'1 (in gap and

shade treatment respectively), photosynthesis after a 30 s exposure (A3oJ was 2.9- and

2.3-fold higher than Adim• A3o. was positively correlated with leaf N and chlorophyll

content (Figure 6), suggesting that high levels of both contribute to an improved

sunfleck response. tu macrQphyllum and A.. I:innala responded more quickly ta A3o.

while tu l2Iill~ylvanjcum,tu rubrum and Ar. spicatum were more sluggish. Although

leaves of gap-grown tu saccharum were weil endowed with chlorophyll and N, this

did not lead to high A3o.. Adim and Am.:. were also low in this species. Chlorophyll

fluorescence showeJ that A.. saccharum had the lowest quantum use efficiency {FiF,J

and total fluorescence quenching (Q,.) suggesting a deficiency in the photochemical

transfer mechanism (500 Chapter 2). Gas exchange in A.. saccharum does not appear

to be more Iimited by stomatal conductance than other species (Figure 2, Chapter 3);

both stomatal density and mean stomatal pore diameter fall within the median values

among the~ species (Table 1). Leaf N and chlorophyll content are positively

correlated indicating a biological coupling in the investment to the overall

photosynthctic apparatus that is partly mediated by SLM (Figure 2).

Relatiye I:rowth rates

The architectural difference among species (Figure 1) warrants a consideration of the

relative growth rate of vertical height, total twig length and basal diameter.
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Figure 6. The relationship among leaf nitrogen, total chlorophyll and transient

photosynthesis (determined on shade-acclimated leaves after a 30 s exposure to

saturating Iight). The bivariate plots of the three traits are shown a~ jlrojected

surfaces along the respective axes. Species means calculatr.d from 10 replicate

plants. Species codes same as Figure 3, uppercase= gap treatment and

lowercase= shade treatment.
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Figure 7. The relationship among the three seasonal relative growth rates (RGR) in

total twig length, stem basal diameter and vertical plant height. The bivariate plots

of the three traits are shown as projected surfaces along the respective axes.

Species means (+ ISE) calculated from 10 replicate plants. Species codes same as

Figure 3, uppercase= gap treatment and lowercase= shade treatment. The 1: 1

line on the RGR plant height vs. RGR twig length plot separates those with greater

vertical growth rate (above the line) f:-om those with greater lateral shoot growth.
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Differentiai investmenl to terminal versus lateral growth maintains a growth form that

could influence light interception (Le. leaf display index) and rate of ascent to the

forest crown. RGR in height growth (RGRVH) is coordinated with RGR in stem basal

diameter (RGRBD), a size parameter that reflects bath aboveground and belowground

growth (Figure 7). A weaker positive relationship is found between total twig growth

rate (RGRTL) and RGRBD. Within this plot, we find two c1usters of negatively

correlated species indicating that the production of lateral shoots is inversely related to

the increases in basal diameter and that the trend is mediated by the wood density of

the species. For example, the negative trend in the three gap-grown subcanopy

species, A.. ginnala, A.. palmalum and A.. pensylvanicum corresponds to a decreasing

wood density from A.. ginnala to A.. pensylvanicum (Figure 7, Table 1). A.. gjnnala

therefore, can show greater total shoot growth without increasing basal diameter

because it makes denser and more slender woody axes. The same explanation applies

to the other c1uster nearer the origin of the plot.

An inverse relationship is also evident between RGRTL and RGRVH. The species

that invested more to total twig growth trades off with its vertical height growth.

Although total twig growth rate includes the terminal shoot, most of the species have

more than 4 total shoots (to 16 in PL. gjnnala). PL. $lCCharum and PL. macrQphyllum

are the two species with the strongest apical dominance (mean shoot number is 1-2.6).

The values in the RGRVH versus RGRTL plot for these two species lie above the 1:1

line indicating that they either lack lateral shoots (RGRVH =RGRTL) or invested

more to vertical shoot growth. Ali other species showed greater lateral growth.

Wood density and relative growth rates

OveraIl, wood density between growth forms was only marginally different (P=O.06,

Table 2) but significantly lighter (P=O.OI2) in the shade treatment. Within the canopy

species, twigs of A.. macrOJ!hyllum were lighter but more stout compared with the

denser and more slender twigs of PL. $lCCharum (Table 1). There is a distinct
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separation of the Iight-mOOiatOO change in wood density (Figure 8) indicatOO by the

direetion of the arrow between canopy and subcanopy species. This is a1so

demonstrated by the significant (P=O.OO8) treatment by growth form c1ass interaction

effeet in wood density. This indicates that, in each species, the additional carbon

resource reeeivOO when grown in the gap treatment is variously investOO to increasing

wood strength or basal diameter (an index of size as it increases with both

aboveground and belowground growth) but not both. Canopy species did not have an

inherently stronger wood than subcanopy species as demonstratOO by the high wood

density values of A.. l:innala and A.. palmatum. Variation in wood density among these

~ seedlings was partially influenced by the growth environment in the previous

growing seasons and the relevant feature in wood density is the change within species

from the shade to the gap treatment and its effeet on vertical growth. Subcanopy

seedlings trade off wood strength for size (arrow pointing up) while canopy seedlings

sacrifice size for wood strength (arrows pointing to the right).

Discussion

The major aim of this study has been to provide an integratOO assessment of the traits

important to the juvenile growth of forest maple seedlings. This effort has 100 to the

present path model that satisfactorily describes the interactions among traits and their

overall effeet on seedling growth. While this functional model represents a useful and

parsimonious synthesis of the processes involvOO in maple seedling growth, it is a1so

an abridgement of somewhat more complex processes that warrant a closer view. In

the next sections, 1 will first interpret the functional meaning of the path model as it

has been developed here, followOO by a discussion of processes at the levels of the

leaf, root, wood and whole plant growth. These discussions provide a more complete

consideration of parts of the functional design not fully represented in the path mode!.

The patterns of biomass allocation to wood and to the three growth parameters (i.e.,

vertical height, total twig length and stem basal diarneter) will receive special

attention since the response of these patterns to gap and shade treatments arnong
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Figure 8. Variation in the seasonal relative growth rate of a) vertical plant height, b)

total twig length and c) stem basal diameter as a function of wood density. Canopy

(open circle) and subcanopy (filled circle) species means (+ ISE) calculated from

10 replicate plants. Arrow points from shade to gap treatment. Seasonal growth

rates are expressed as In(hJ-In(hl) (from eq. 10.7, p. 349, Sestlik i:1 iIl1971)

where hl is trait measured in April 1990 and hz the same trait measured in October

1990. Species codes same as Figure 3, uppercase= gap treatment and lowercasc=

shade treatment.
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forest maple seedlings reveal life history strategies not previously appreciated in the

ecology of trees. In other cases the discussion does not involve traits outside the

present model but only a more complete consideration of trait variation among species

and between treatments.

Variation in functional design in the genus Acer

Many traits interact to affeet whole plant performance (Figure 2). The significant

associations in sorne functional traits shown in this scatter plot matrix represent linked

processes, intermediate to their effeet on relative growth rate. Leaf level acclimation

to the shade treatment in lower SLM, chlorophyll a:b ratio and maximum assimilation

rates, and higher leaf N are consistent with other reports (e.g., Wild 1979, Bjôrkman

1981, Givnish 1988). But those species that exhibited the most acclimated characters

did not always show the greatest increase in height (Figure 2). While leaf level traits

are important in carbon acquisition, they explain only a small portion of the vertical

growth in Am species. In a separate path analysis with only the three photosynthesis

traits (and excluding wood density and root density) affeeting RGRVH, the residual

path coefficients (U) on RGRVH were 0.80 and 0.81 in gap and shade treatments

respectively. This suggests that the assessment of whole plant performance must also

include traits that function as carbon sinks to the total assimilation pool. These results

agree with Ramos and Grace's (1990) conclusion that "it is the influence of light on

the distribution of assimilated carbon rather than the rate of production of assimilates

per area of leaf, that is the most diagnostic attribute for distinguishing the eeological

status of the tree species". The strength of the present path model (Le., % variance

explained) indicates that the putative structure of plant process components adequately

captures the functional design of the Ar&r seedlings. This model iIIustrates the

importance of including both the productive (Le., leaf structure to photosynthesis) and

the cost (whole plant structure to above- and belowground carbon sinks) aspects of the

plant when growth is assessed. While leaf level traits such as leaf N can enhance

maximum photosynthetic performance, this functional path actually represents a
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maladaptation to the experimental Iight regimes. Whole plant growth is better

described as the difference between carbon uptake potential under ambient irradiance

regimes (e.g., Iightflecks and dim Iight) and the carbon expenditure on wood and root

activities. The next sections examine components of this functional design in more

detail.

I@f level traits

The seasonal carbon budget of the maple seedlings indicates that persistent shade

alone will not sustain seedling survival. The seasonal mean dim light photosynthesis

(Ad..J and dark respiration are 0.77±0.05 and 0.46±0.04 /Lmol m'2 S'1 (gap), and

0.86±0.08 and 0.45±0.03 /Lmol m-2 S·I (shade). Given the length of daylight

(assuming a mean of 9 hours of light when solar altitude is > 30", List 1951) and the

presence of cloud coyer (30%), a leaf lever carbon deficit might result for these plant

under a c10sed forest canopy without additional Iight sources such as sunflecks (Loach

1967). However, characters that confer a higher Ad" will still be advantageous in

shade-grown seedlings by increasing the margin of carbon gain. The lack of a strong

direct association between Adim and RGRVH in shade-grown seedlings (Figure 1,2)

suggest that the assimilates thus acquired during the growing season are a1located to

maintenance and storage processes and not to height growth.

Given the large proportion of total Iight energy shade plants receive as sunflecks

(Chazdon 1988, Canham ~ il 1990), phenotypic acclimation should enhance the

photosynthetic response of shade-grown plants to Iight pulses. The induction of

transient assimilation rate is dependent of Rubisco activation, carboxylation substrate

level and stomatal conductance (Chazdon and Pearcy 1986a,b, Pearcy 1990). Since

about 75% of leaf N is allocated to the photosynthetic apparatus (Chapin ~ il 1987),

its positive correlation with A3a. (Figure 6) is expected.
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Although the induction process does not involve chlorophyll levels alone because of

the rapid transfer of chemical energy within the light harvesting pigments (Bolhàr­

Nordenkempf ~ al 1989, Chapter 2), higher total chlorophyll combined with a larger

electron transport pool could contribute to a more rapid onset of CO2 fixation (Ireland

~ al 1984, 1989) and lead to higher AlOI' Among the~ species, there was a

twofold range in investment in leaf N and total chlorophyll representing a substantial

cost differential. With the positive direct influence of AlOI to plant height in the

functional path design (Figure 1), investment in leaf traits that resulted in improved

"sunfleck" response is considered adaptive in forest maple seedlings.

Greater investment in leaf nitrogen is not necessarily adaptive (Le. resulting in higher

growth rates) even for gap-grown seedlings. For example, li.. macrophyllum had the

highest Am.:. in both treatments but showed only low !Q modest RGR relative to other

species. For these species, the growth irradiance in both treatments was less than 20%

full sun with periodic sunflecks 'vhile the saturation light used to generate Amal was

55% full sun. Those species capable of reaching high Ama, must maintain a "high

performance" photosynthetic apparatus with the associated respiratory costs. Under an

environment where the photosynthetic capacity is underutilized such as in both the

shade and gap treatments, a cost in whole plant performance wOllld he expected as

demonstrated by the negative path coefficient from A.,.. to RGR plant height.

Roct growth

As indicated by the path diagram, root activity represents a major carbon sink in these

seedlings. These seedlings had higher root:shoot ratio (Table 1) than other forest trees

«0.37, Marks 1975) and forest herbs «0.22, Cid-Benevento and Werner 1986)

suggesting a greater drain on available carbon for growth. The greater proportional

carbon investment te root growth in gap-grown plants is consistent with seedlings of a

tropical shade-tolerant tree (Fisher ~ 1Il 1991) and with herbaceous species reported

by Poorter ~ 1Il (1991). Allocation te belowg'ound growth appears te he secondary te
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shoot growth in subcanopy species. Their greater increase in shoot versus root from

shade to gap is in direct contrast to canopy species. Such growth form differences

suggest that a developmental constraint in canopy species for anchorage that will be

important when they reach adult size. Similar to the investment to wood density,

growth form appears to have a strong influence on the allocation of carbon that will

have considerable growth consequences.

Wood densilY

Wood density and growth trade off between canopy and subcanopy species is evident

even at the juvenile stage. There was a priority placed in increasing wood strength

(highly correlated with wood density, lobel and van Buijtenen 1989) in canopy

species (Figure 8). While resistance to buckling and windthrow are important adult

characters for canopy trees, the tendency for building strong wood appears to be

expressed in the seedling stage (Lei and Lechowicz 1990). At this age, the Am

seedlings in this study were clearly not limited by the theoretical upper bound

established for adult trees (McMahon 1973) (Figure 9) with a positive exponential

increase in height with larger basal diameter. But King (1986) found that while small

A.. saccharum sapling stems are closer to the critical buckling point than larger

saplings, carbon demand towards wood strength in the adult severely constrained its

continued growth (King 199Oa). The tendency to increase wood strength with age is

also observed in the seedlings of Pinus lWl!!i (Ladrach 1986). When additional

assimilate became available in the gap treatment. it is used to build thicker secondary

cell wall in the stem instead of other functions such as extension growth (lobel and

Buijtenen 1989). Among 6 provenances of a tropical tree Acacia mangium,

Atipanumpai (1989) found a negative relationship between net photosynthesis and

plant height and dbh. Although he did not relate wood strength to height growth, the

large range in wood density (420-680 kg m·2) among provenances that could account

for the observed relationship where high photosynthesis provenances have denser



..•..
....'..

124

Figure 9. Scatterplot of plant vertical height versus stem basal diameler. Growlh

equation Height=70*Diameter'·667 was taken from McMahon (1973) and

Height=76*Diameterl .55 was derived from the least-square regression line using

log-transformed values. Species codes are canopy growth form: MA=A...

maçrophyIJum, PL=A... platanoides. RU=A... rubrum and SR=A... saccharum;

subcanopy growth form: GI=A,. einnala, PA=A,. palmatum, PN=A,.

pensylyanicum and SP=A,. wicatum; uppercase codes represent gap-grown plants

and lowercase shade-grown plants.
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wood. This would be consistent with the results of canopy~ where excess carbon

is invested in increased wood strength.

From a functional perspective, it may be more reasonable to expect~ seedlings to

allocate additional carbon towards growth in height or lateral spread to improve their

competitive advantage for light. This is the option subcanopy species have chosen.

For these subcanopy species, there appears to be an inherent priority for growth over

durability or longevity. Since subcanopy species remain relatively short throughout

their life, the size advantage gained in light interception outweighs the safety

considerations. As wind stress is low in the understory, the marginal gain in safety

against damages caused by falling debris (Chazdon 1986a) appears to be an

insufficient selection factor for greater wood strength. From this we may conc\ude

that for canopy seedlings, only large gaps persisting for several years will sustain

sufficient height growth from the carbon residual of investment to wood strength. In

the shade and small gap, subcanopy species channel more carbon resource to shoot

extension both vertically and laterally. This a1lows for greater competitive ability

(from the height) and improved light interception (from the width of crown delined by

lateral branches) in a light-limited environment. There was a negative relationship

between stem diameter growth rate and age of lirst reproduction (r=-0.63) and a

positive relationship between wood specilic gravity and mean life span (22 species,

r=O.64) among 17 Japanese woody species (Koike T, unpublished). The demand for

greater wood strength in canopy trees appears to pose a strong developmental

constraint that delays maturation. Free of this constraint, subcanopy species can

devote more resource to reach adult size quickly and at an earlier time.

Plant architecture

While overall aboveground structure was represented by the residual of leaf area

(LAam> in the functional model ta avoid possible autocorrelation with relative growth

rate, this parameter is a1so linked ta the variation in leaf display efliciency among
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maples (Figure 4). The two subcanopy species (A. palmatum and A. l:innala) have

low LARP.s th<ll correspond to a poor leaf display per unit twig length (LOIL, Table 1)

indicating a greater demand for support structure when leaves are small and

numerous. But the additional cost of this branching structure may be compensated by

a strongly reflexed stem (Figure 3) and numerous lateral shoots, giving these two

species an advantage in Iight interception over other species. A. macrophyllum

demonstratoo a different strategy where fewer, larger leaves are displayed on a single

stem. This high LOI•. and LOIw in A. "iacrophyllum (Table 1) is economical but is

associated with greater self shading from the multilayered erect stem. Growth and

persistence in this species appears to be achieved by compensating higher self shading

with a lower cost of support and high photosynthesis in both high and 10w Iight

conditions (Figure 1,2 in Chapter 3).

Like A.. macroDhyllum, A..~ seedlings remain mostly single stemmed that is

consistent with the priority of canopy species in vertical versus lateral branching. But

partly due to its small size, LARES was lower for A.. saccharum. In this bl· ,ad species

comparison, A.. saccharum is exceptional for being the slowest growing species.

Logan (1965) and Grime (1966) a1so found this species to have the lowest growth rate

among temperate woody species. This appears to be associated with ils low

photosynthetic activity. At 2.3-4.5 l'mol m'2 5,1, it is similar to other reports of 2.6

l'mol m·2 5-\ (Ledig and Korbobo 1983) and 2.1 l'mol m-2 5'\ (Weber ~ al 1985). In

contrast, other maple species we analyzed had rates as high as 12 l'mol m·2 S" in A..

macrophyllum (Figure 1 in Chapter 3). With a high area-based leaf N, A.. saccharum

also has a relatively poor nitrogen use efficiency among the species. But similar to the

understory palm (Geonoma cuneata, Chazdon 1985,19800), A.. saccharum has an

advantage in low Iight environments by its small size and highly cost efficient leaf

display (LOIw• Table 1; Canham 19800). While growth and competitive abilities will

be Iimited by its 10w photosynthetic capacity, A.. saccharum is able to survive for

many years in the shade by minimizing carbon demand for growth (Bloom ~ .al

1985). 1 suggest that these results provide the functional basis for the persistence of
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this species (HeU and Loucks 1971, Canham 1985) in the forest understory. Il appears

that seedlings of A. saccharum require large gaps of sUbstantial duration (12-24 yrs,

Canham 1985) to overcome the physiological constraint in gas exchange and nitrugen

use efficiency.

Apart from the differences in the magnitude of sorne path links, the functional design

is rather similar between gap and shade treatments (Figure 1). This suggests that the

pattern of interactions among leaf level and whole plant level traits were not

significantly altered by growth irradiance, rather, it is the investment to wood and to

apical versus lateral shoot growth that carry significant adaptive consequences. In the

forest, subcanopy species can begin reproduction at 113 to 1/10 the size of canopy

trees (Fowells, 1965, Hosie 1979, Krüssmann 1979, Fang 1981; personal

observation). Given equal RGR and equal response to a gap opening, a subcanopy

plant will reach maturity sooner in the forest understory. The shorter age to maturity

also reduces the number of periods of suppression between gaps a plant must endure,

lessening the risk of morta1ity due to carbon deficit. Contrasting RGR between

vertical height and lateral twigs serves to indicate the direction of biomass investment

to becoming tali or broad. For subcanopy species, the imperative for height growth is

small. Greater RGR in total twig length with a large module number can maintain a

sympodial growth form and a monolayer leaf display (Horn 1971, Sakai 1987,199Oa).

The monolayer configuration of the plant canopy is accentuated by the greater stem

curvature in subcanopy species (Figure 3). There is evidence that the accumulated

intercepted solar radiation among poplar clones is genetically controlled through total

leaf area and stem curvature (Ceulemans 1990). Similar species specific determination

of shoot architecture among Am species appears to be evolutionarily constrained

(Sakai 199Ob) but still ecologically functional. Kohyama (1987, 1990) observed lower

height growth in sympodial broadleaf evergreen tree species than monOpodial species

under the tropical forest gap, suggesting a trade off between larger canopy size and

the potential for vertical extension. These findings suggest that the trade off between
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light interception and of height gain is a strong determinant of survival in the forest

understory (Chazdon 1986a,b,c, Kohyama 1991).

The average birth rate of gaps in temperate forests is between 0.5 % and 3.6% per

year (Runkle 1982). This means that only a small percentage of suppressed tree

seedling will encounter release growth regimes and the rest must persist for many

years. The oost strategy for a canopy seedling appears to remain small and persist

through to the next gap. The reduced growth may represent a sacrifice in competitive

advantage for canopy seedlings, but it is balance by resource accumulation that will

confer long-term persistence (Bloom l:.t illI985). Subcanopy species appear to adopt a

different strategy of reinvesting acquired resources into new growth even in a modest

gap. For these small trees, marginal increases in the competition for light through

height or canopy breadth could mean reaching reproductive size earlier than

neighbours. Selection in the sUbcanopy seedlings appears to favour compromising

strong apical dominance and wood strength investment for rapid maturity in the forest

understory.

Conclusions

1 used an integrated approach to assess whole plant performance. By combining the

effect of whole plant structure, leaf level morphology and physiology and above- and

OOlowground carbon sinks, 1 identified a functional design that organized patterns of

variation among traits in forest maple seedlings. This design shows that in the analysis

of whole plant performance, it is insufficient to consider photosynthetic activities

alone. The pattern of carbon allocational and respiratory costs incurred from

structural and maintenance functions of wood and root are other critical elements that

must 00 integrated into the overall assessment of the functional basis for variation in

growth. The linking of process and performance is under active investigation in

herbaceous species (e.g., Evans 1989, Farris and Lechowicz 1990, Poorter and

Remkes 1990, Poorter l:.t ill 1990) and this study represents the first similar attempt



••
129

evaluating woody seedlings. While a basic functional structure has been i:lentified for

the maples, future research challenges lie in an understanding of the long-term

survival consequences of architecture versus carbon gain (Chazdon 1986c, Sakai

1990a, Kohyama 1991), wood strength in maintaining structural integrity (King

1990a) and in defense (Loehle 1988), and carbohydrate storage (Loescher ~ lÙ 1990)

in woody juveniles.
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GENERAL CONCLUSIONS AND ORIGINAL CONTRffiUTIONS

1. An Qri~inal contributiQn in the Qverall approach lies in the brQad, quantitative

cQmparison within a single "natural" genus Qf trees. EcophysiQ1Qgy Qf trees in the

past has always been based on comparisons Qf a small number Qf species (Qften

intergeneric) Qr comparisons Qf Qnly a few characters fQr many species. 1 combined:

i) traits frQm all levels Qf functiQnal importance, ii) twelve diverse maple species, and

Hi) tWQ ecQIQgically relevant treatment envirQnments. The shade treatment specifical1y

is the first reported allempt tQ simulate in concert the three essential elements Qf

understQry light: reduced PPFD, reduced R:FR and sunflecks. This apprQach Qffered

the basis fQr a sound analysis Qf the functiQnal ecology Qf the fQrest maples.

2. In maple seedlings, shade acclimatiQn is main1y a response tQ light intensity and

that R: FR plays Qnly a minor rQle in inductiQn Qf shade characteristics. This is

cQnsistent with Qther findings that Qnly shade intQlerant herbaceous and woody species

exhibit a strong "shade aVQidance" response to IQwering R:FR ratiQ. The lack Qf

R: FR response prevails regardless Qf differences in the adu1t size of canQPY and

subcanQPY species and the associated CQntrasts in juvenile traits. Given that shade

tQlerance is critical tQ maple seedling survival in the fQrest understQry, a shade

aVQidance response suited tQ species growing in Qpen habitats may nQt have a

selective advantage. Ori~ina! contributiQn This is the first report Qn the partitiQned

effect Qf light quantity and quality Qn temperate hardwood species and demQnstrates

that light quality (R:FR) is Qf minQr importance in the shade acclimatiQn Qf fQrest

trees.

3. ln the chlQrQplast Qf Am seedlings, there is a !rade off between light and dark

reactiQn processes. These seedlings invested mQre intQ functionally "adaptive"

cQmponents appropriate tQ their light environment: an increase in carboxylatiQn

capacity in gap-grown plants and higher ch1QrQphyllieveis in shade-grQwn plants.

HQwever, chlûroplast-Ievel prQperties were nQt wholly cQrrQborated by gas exchange
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measurements as shade-grown plants did not show a better response to dim light

photosynthesis and to lightflecks. These results caution against making adaptive

interpretations based on only one functional level of plant character. An ori~inal

contribution was made in demonstrating an empirica\ relationships between

chlorophyll fluorescence kinetics and the levels of chlorophyll and leaf nitrogen across

species and between high and low light treatments. This is the tirst report linking

chloroplast-Ievel acclimation to the ecologica\ly important variations in steady-state

photosynthesis and lightfleck responses in woody seedlings.

4. Am. seedlings responded to sunflecks in an unexpected fashion. While higher leaf

N and SLM led gap-grown plants to reached higher steady-state assimilation rates,

contrary to expectation, these plants also responded quicker to lightflecks. However,

if estimates of the photosynthetic induction process (i.e., lightfleck response)

expressed as % Am.. (induction state) is used, gap-grown plants were slower in

reaching full induction simply because of their higher Am... These results indicate

that: i) the ability to use dim light and also pulses of light was not compromised in

gap-grown plants, ii) absolute assimilation rates may be a more ecologically relevant

trait in assessing sunfleck response than induction state. Qri~inal contribution 1

established: i) the pattern of physiologica\ acclimation to gap and shade for a diverse

group of maples, ii) that variations in photosynthetic induction state may not be a

good indicator of actual assimilation potential, and Hi) that variations in stomatal traits

alone cannot explain rates of steady-state and transient photosynthesis.

S. Maximum photosynthesis has a strong negative influence on height growth

suggesting that there is a cost to those species that maintain high photosynthetic

potential which is underutilized under these two irradiance treatments. Leaf display

efficiency varied among species, and when considered with light interception, gas

exchange and patterns of carbon allocation, can adequately account for the natural

persistence of maple seedlings in the forest shade. Canopy and subcanopy species did

not differ in leaf level structura! and photosynthetic traits but they showed distinct
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patterns of carbon allocation to wood strength and shoot growth. Canopy species

invested the additional carbon resource acquired in the gap treatment towards

increasing wood strength while carbon investment in subcanopy species was to

increasing plant size. Qri~inal contribution While previous studies only a1luded to the

compromises woody plants make between carbon source and sink, this is the first

experimental demonstration of i) the overall trade off between growth and wood

strength, and ii) the influence of life history on woody juveniles where the subcanopy

form trade off wood strength for size while the canopy form sacrifices size for wood

strength.

6. 1 presented a template for the functional design of forest maples (i.e., a path

model) that adequately explains the basis for interspecific variations in the seasonal

!lrowth rate of Aw seedlings. By integrating important plant processes at the leaf,

shoot, and root levels, this design model accounts for both traits that contribute to

carbon gain and those that share the carbon resource pool with height growth. This

design, representing the key functional processes of forest maples, illustrates the

importance of considering biomass allocation to wood and root when assessing whole

plant performance. Qri~inal contribution Recent published reports using the integrated

approach to plant performance are advancing our understanding of plant

ecophysiology but none has previously addressed: i) the effect of structural support

and belowground activity on fitness-related traits, or il) the functional ecology of

woody plants. This study represents the first attempted to combine the modelling of

plant processes with experimental manipulation in an evaluation of the basis for

variation in the growth of tree seedlings.
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APPEIIlIX 1

Table 1. Seed sources of~ species and populations used in the experiments. Nomenclature 'oltawa Ogata
(1967).

Speeies Code Seed Source
Seed acq. Date of

year germination

slbc:anopy seee ies

Canopy seecies

198~ MAY 1989
1987 DEC 1988
1987 OCT 1988
1988 DEC 1988
1988 FEB 1989
1987 JAN 1989
1988 JAN 1989
1986 JAN 1989
1987 NDV 1988
1988 APR 1988
1986 OCT 1988
1987 OCT 1988
1988 OCT 1988

1989 FEB 1989
1987 DEC 1988
1988 FEB 1989
1988 FEB 1989
1987 NDV 1988
1988 DEC 1988
1987 DEC 1988
1987 NDV 1988
1989 JUN 1989
1989 JUL 1989
1989 MAR 1989
1988 FEB 1989
1988 JAN 1989

FunU, Japan1

F.Y. Schl.ll'lllcher Co. l "c:fc:1cœstic"
Sheffield seed Co.'
Rogow ArboretUft, Pol.rJ
Geholz, Germanyb
F.Y. Schumacher Co. (var. atropurpureum)
Sheffield Seed Co.
Mont St. Nilaire, Quebee
Noya Tree Seed Co. s

Mont St. Hilaire seedlfng transplants
Mont St. Hilaire, Quebec
Guelph, ontario
TARC, Jepan'

MA4 Narthern Californie coast
MA1 Untv. Washington, Seattle, Washington
Nil Beaeonsfield, Quebec
PL1 Bratislava Park, eSSRI

PL4 Westonbirt Arboretum, UKD

PL9 Geh6lz, Germany
RU2 F.W. S-.:!'Iunaeher Co. "northern"
RU3 Nr'la Tree Seed Co. 10

SAl 8eaconsfield, Quebec
sA3 Guelph, ontario
SR3 F.W. Schunacher Co. "northern"
SR6 Beaconsfield, auebec
SR? F.W. Schunacher Co. "northern"

BUl
GI4
GI6
GI8
GI7
PAl
PA4
PNl
PN2
PN4
SPl
SP6

et 2uec. RF1

A. maerophyllllll Pursh.
A. maerophyllllll Pursh.
A. nigrllll Mieh•• f.
A. platanoides L.
A. platanoidas L.
A. platanoides L.
A. rubrllll L.
A. rubrllll L.
A. 8accharlnum L.
A. 88ccharfnum L.
A. 5accharum Marsh.
A. s8ccharum Marah.
A. 88ccharum Marsh.

A. buergerianum Miq.
A. ginnala Maxim.
A. ginnala Ma.im.
A. ginnala Ma.im.
A. ginnala Ma.im.
A. poimatllll Thunb.
A. poimatllll Thunb.
A. pensylvaniellll L.
A. pensylvaniellll L.
A. pensylvaniellll L.
A. spieatllll Lam.
A. spicatl.ll1 Lem.
A. ruffnerve Sfeb.

Commercial seed sources:

1 Fujita seed Co. Ltd. P.D. BD' 211 Osaka C. 53D91, 2-6-28 Kyomachibo'i, Nishi-ku, Osaka 55D, Jopon
2 F.W. Sehumacher Co., Inc. 36 Spring Hill Road, Sandwich, Moss D2563-1D23 USA
3 Sheffield's seed Co., Inc. 273 Route 34; Locke. N.Y. 13a92, USA
4 Szkol. GI6wno, Gospodarstwa Wlejskiego, Akadamia Rolnieza, Le4ny Zaklad D04wiadczalny, Arboretum 96-135

Rog6w, tel 20, Poland
5 Geh6lz- Und Waldsamenproduktion, Conrad Appel KG. Beerfelden-Gammelsbsch, Postfach 1123, 0·6124 Beerfelden

Germany
6 Nova Troo S.ed Co., Inc. R.R••2 Middle Musquodoboit, Nova Scotia BON lXO Canada
7 Tropical Agriculture Research Centre, Ministry of Agriculture, Forestry and Fisheries, Ohwashi, Tsukuba,

Ibsraki. 305 Japon
8 Dr. Viera Fer4kov4, Unlverzita Komenského, Nositeika Radu Republiky, Prlrodovedeck4 fakulta, Katedra

botaniky, Geobotaniky a pedol6gie, CSSR
9 Forest Commission (Research) Westonbirt Arboretum, Tetbury, Glos. GL8 sas, UK
10 Seed source: Kingston, Ontario
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Germination and rearinl: procedures

1germinated the maple seeds that require stratifying (ail except A.. rubrum and A..

saccharinuml by first soaking seeds in 50 "mol giberellic acid solution (17.32 mg GA

1.1 distilled H20) overnight, then placing the soaked seeds in plastic bags with moist

sphagnum moss. The bags were kept moist at 4·e until germination and the seedlings

were then established in the phytotron as they germinated. Seedlings were grown in

60 cm deep plexiglas tubes (total soil volume=2.8 litres) in commercial potting soil

(Fafard et Fréres LIée, St. Guillaume, Quebec). They were watered as necessary and

fertilized weekly with Hoagland's solution (Dunn and Arditti 1968, Version 2). The

phytotron greenhouse compartment was programmed to track outdoor temperature

regime and shaded to maintained a maximum of 50% full sun. The seedlings were

allowed to become dormant normally during the fall and during winter months the

greenhouse temperature was kepi at a minimum temperature of 2°e. The seedlings

therefore went through 2-3 years annual cycles of growth and dormancy prior ta their

use in these experiments. This avoided any potential maternai effeet from resources

stored in the seed.
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APPENDIX 2

Description of Acer species

For each species the description follows the sequence of species (common name), leaf

form and size range (scale: - = 5 cm), size at maturity, geographical range, habitat

preference; and life history and phenology. Sources, unless otherwise stated, include

Fang (1981), Fowells (1965), Hosie (1979), Krüssmann (1979) and Ogata (1965).

Speçies listed in the same order as that in Table 1 of Appendix 1.

A. ,""...h~l,m P,oh. (81,12' =p1')....'"

Tree, 15-25 m. Coniferous forests of the Pacific coast from southern tip of Alaska to

southern California below 300 m elevation. Humid, deep loams to thin rocky soils but

prefers deep alluvial moist soils. Strongly limited by water availability in southern

range. Sometimes pioneer species on disturbed land. Fastest growing western maple.

Wood moderately strong, not hard. Shade tolerance seems to decrease with age. First

reproduction at 10 YI'. Anthesis in early April to May. concurrent with leafing out.

Insect pollinated. fruit maturation in late Augus! to OCtober. Seedlillgs can persist in

Douglas-fil' forest but survival rate increases with increased insolation to 60% oren

sky (Fried ~ illI988). Sapling foliage palatable to black-tailed and mule deer. and

elk. Mammal browsing strongly suppresses seedling growth (Fried ~ al 1988) in the

forest understory.

A... nierum Michx. f. (Black maple) •••

Tree to 25 m. 1 m dbh. E~stern North America. Prefers welter sites than &

saccharum on mesic well-drained loams. moist alluvial and calcarious soils. OCcurs in

regions of low relief « 800 m) slich as river '.'aiieys. Wood heavy, hard and strong.
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Anthesis in May, after 1/3 leaf expansion. Primarily bee-pollinated. Fruit maturation

from Sept. to Oct. Hybridizes freely with & saccharum.

&. plalanoides L. (Norway maple) • **
Tree to 30 m,lm dbh with a bruad spreading crown. Trans-Europe, east to the

Urals and the Caucasus, south to Armenia (Hegi 1965); introduced to the British Isles

in the 15th or 16th century (Clapham ~ 1Il1987). Preferring deep, moist, well-drained

rich soils, but growing weil on ail but very pool' soils (Clapham ~ 1Il1987). Wood

hard, moderately elastic. Sugar content in sap 1.1-3.5%. Earliest reproduction at 20

yrs. Lifespan 150-200 yrs (Vresliak 1986). Anthesis in April, before leaf expansion.

Pollinated mainly by bees. Many cultivars.

&. rubrum L. (Red nlaple) .,t,...
Tree to 40 m, 0.5-0.75 m dbh. Life span < 150 YI'. Open crown. Wide climatic

tolerance from eastem Canada west to Prairies and south to warm-temperate Florida.

Occurs on a variety of soil types from rich loam to shallow Iithosols. More common

on extreme soil moisture conditions, either very wet or relatively dry, avoiding

alkaline soils. Ils Iiller pool' in N and intermediate in Ca. Wood moderately heavy,

hard and strong. Pioneer or subclimax species but more shade tolerant than Papulus

and Prunus pensylvanjcum. Anthesis in March-April. Imperfectly dioecious, tlowermg

begin as early as Feb. in south. Fruit maturation from March to June. Germination

not Iight-dependent; dormancy absent in most seed. Taproot development in seedling

strongly dependent on soil moisture. Readily produces basal sprouts.

&. saccharinym L. (Silver l11aple) • .;, ...

ïree to 40 111, 0.6-1.2 m dbh. Life span < 125 YI'. Range similar to red maple but

does not extend to the southern Atlantic: coast and Florida. Grows on all soil types
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with sufficient moisture supply. Characterislically a bollom-land species. Fast-growing

tree. Wood moderately hard, heavy, but not strong. Anthesis l'rom Feb. 10 Mareil,

fruit maturation from Aprilto June. Seeds viability highly sensitive to desiccation.

Dormancy absent. Shade tolerance moderate on good sites to intolerant on pool' sitc:s.

Subclimax species unable to survive prolonged suppression.

A. saccharum Marsh. (Sugar maple) ......

Tree, to 40 m, 0.5-1 m dbh. Eastern North America. Grows on fertile, moist, well­

drained soils of ail types. Soi! pH range: 3.7-7.3 but most common in pH 5.5-7.J.

Occurs in 500-1300 m elevation. Wood heavy, hard and strong. Sap flow begins in

March, 3% sugar content. Anthesis in late April to May, one week after le;lf

emergence. unstable monoecy: localized unisexual 110wer and unbalanced distribution

of male and female flowers. Mostly bee-pollinated. Fruit ripens in 12 weeks. Mast

year occurs in 2-5 YI' intervals. Basal sprouting more frequent in younger trees. Seed

germination requires stratification of 6-8 weeks, light not essential. Height and radial

growth begin at budbreak and terminate in 15 weeks. Long-lived to 400 yrs.

Windfirm Le., high wood density.

A.. buer~erianym Miq. var. buer~erianum (Three-toothed maple) +-+ ......

Small tree, 5-\0 m. Eastern China and Taiwan, introduced to Japan in ca. 1800. In

broadleaf forests between 300 and 1000 m elevation. Anthesis in April, fruit

maturation in August.

A. ~innalll Maxim. subsp. ~innala (AmuI' maple) .......

Shrub or small tree, 5-6 m. Crown broad. Northeastern China, Japan and Korea. In

forests below 800 m, restricted to marshy sites. Occurs in c1umps. Anthesis in May.

Fruit maturation in Oct.
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!!L. 12almalUm Thunb. var. llalmatum (Japanese maple) .... *

Small tree to 8 m. Found in eastern China, southern Korea, Japan and Taiwan.

Occurs between 200-1200 m elevation in forest edge or open woodland over a wide

range of soil conditions. Anthesis: mid-April to early May, concurrent with leafing

out. Andro-monoecious. Fruit matures in early October, readily germinates. Ogata

(1965) describes this species as a large tree to 1 m dbh, but this might be a rare

occurrence (Sakai S, personal communication).

A. ..",I,,,I,,m L. l'Iri'" m.pl,) ... ,

Small tree 6-12 m. Eastern North America. Prefers well-drained moist soils in shaded

cool, moist forest. Anthesis in late April-mid-May after leaves have fully expanded,

inflorescence ullisexual and trees often dioecious and underg,j gender change (usually

from male to female (De Jong 1976, Hibbs and Fischer 1979). Apomixis rare (De

Jong 1976, Sullivan 1983). Fruit maturation in autumn. Wood moderately light, soft

and low in strength. Seedling highly tolerant of shade, capable of surviving under

closed forest canopy for 15 years (Hibbs 1979). Optimum height growth occurs in 32­

58% full sun (Wilson and Fischer 1977).

!!L. rufinerve Siebold et Zuccarini • t •.
Small tree, 10-15 m,ID cm dbh. Endemie to lapan. Occurs in mountain furests of

rather dry soils from middle to upper slopes. Anthesis from early April to early May.

Prefers open habitats such as roadside and large forest gaps (Matsui 1991).

!!L. S12Îcatum Lam. (Mountain maple) •••

Shrub or small understory tree. 6 m. Eastern North America. Grows weil of well­

drained moist soils along moist rocky hillsides and ravines. Seldom thrives in the
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open. Prefers rocky. moist forest areas. Anthesis in May-June afler leaves have l'ully

expanded. Flowers unisexual but both genders occur on the same inlloresCl:nce. A

high degree of apomixis (Sullivan 1983). Fruit maturation in Sept-Oct. Wood

moderately light. soft. 10w in strength. A propensity to produce basal sprouts; stem

layers readily (Post 1969, personal observation). Vegetative reproduction important in

maintaining population (Post 1969).



(

156

APPENDIX 3

ProtllCol for chlorophyll extraction using dimethyl sulfoxide (DMSO)

Chlorophyll extraction of plant tissue using DMSO requires no maceration and takes

less time and is more efficient (gives hetter yield of chlorophyll) than traditional

acetone and ethanol methods (Bumisen 1980, Spencer and Ksander 1987). The extract

is aise more stable and can he stored up to 4 days (Hiscox and Israelstam 1979). The

disadvantage of this method is the mild skin irritation caused by DMSO exposure

(consult chemical safety data sheet for more detail). Extraction must be done in a

fume hood and protective c10thing and gloves wom.

Matedals

DMSO (dimethyl sulfoxide)

water bath (at 65°C)

vortex mixer

10 ml bottle-top dispenser

Parafilm

Latex gloves

spectrophotometer (a Milton-Roy Spectronic 1001 Plus was used for ease and

precision of measudng multiple wavelengths, band width reselution= 1 nm)

Extraction

Chlorophyll extraction can he made from freshly harvested lcaf material or from

matedal stored in sealed bag and frozen in -18"C immediately after harvesting.
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Prepare water bath at 65°C. 1 used a Precision Portable Circulator Model PH (OCA

Corp. Chicago Illinois) in a 34 L picnic cooler.

Take about 0.025 g cf leaf tissue, weigh and record fresh weight. Place tissue in test

tube. Tougher tissue should be cut into 2 mm strips for more effective extraction.

Avoid prolonged exposure of fresh or thawed material to strong Iight and room

temperature.

Dispense 5 ml DMSO to test tube, cover top with Parafilm. Place tube in water bath.

Extraction time vary depending on tissue toughness. For maple leaves 30 min is

sufficient for most samples while some required up to 2 hours extraction time. Mix

sample tubes with vortex mixer after 15 min in water bath. Complete extraction can

be visuaily determii1ed when tissue appears transparent.

Let cool and take absorption readings. 1did not tilter the extracl but if your sample

appears c10udy this will be necessary.

Determination of chlorophyll a and b content

Spec (Milton-Roy Spectronic 1001 Plus with bandwidlh resolulion al 1 nm) is blanked

wilh DMSO. Absorption taken at 645 nm, 652 nm and 663 nm. Il is be~t to keep

absorption for 645 nm between 0.4 and 0.8. Dilute extract if necessary.

Extracts cao be stored in fridge hut since DMSO freezes at 18°C, it will take about 2

hours to thaw (based on 5 ml sampies).
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Chlorophyll content can he calculated from formulas given below (Arnon 1949,

Bruinsma 1963, Seslllk ~ iÙ 1971).

C.= 12.7(A66S)-2.7(A64l)

Cb=22.9(AMl)-4.7(A66S)

C.+b =20.2(A64l) +8(A66S) =27.8(A612)

Comparing total chlorophyll derived from ChI a+b using 645 nm and 663 nm and chI

a+b estimated from 652 nm; large deviations from the 1: 1 relationship indicate

chlorophyll degradation during the extraction process (Figure 1). Total chlorophyll

levels given in the thesis were ChI a+ b from 645 nm and 663 nm.
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Figure 1. T(ltai chlorophyll level derived from the sum of Chi a (~Il) and Chi b

(~3) is compared with that estimated from A6s2 (Amon 1949, Bruinsma 1963).

Pooling data for all plants used in this study (given in both Chapters 1 and 2), 1

found a strong agreement (r=O.995, N=321) between the two estimates indicate

absence of chlorophyll degradation products. 1: 1 line is shown.



r

11 -~-_._-

10 -

Y9

~
8 h'c

0

7

/~t!l
Cl

é!E 6 -
~

~

N 5 -on
ID

$
4 -

:E
Ü

tU 3

;§ 2
//ClI

1 /D
/

0 .L- I

0 2 4 6 8 10

Total Chi (Chi a+ Chi b) (mg.g-1FW)



160

APPENDIX 4

Infonnation on archivaI data files

Part 1. Listin~ of raw data files in Lotus 123 (Version 2.2)

Chapter 1:

Traits included are:

EX2ALL.WKI

Pre-experimentall Post-experimental size- VHTlIVHT2 (vertical plant height, cm);
LHTlILHT2 (linear plant height, cm); BDIAI/BDIA2 (stem basal diameter, mm);
TLlITL2 (total twig length, including main stem, cm); MODlIMOD2 (number of
growth points).

API (apical shoot length, 1990 growth, cm); LAT (sum of two uppermost lateral
shoot lengths, cm); TAREA (totalleaf area, cm2); LFN (total leaf number); LFW
(totalleaf and petioie dry wt, g); TDW (twig dry wt, g); Wood density (g cm,l);
ABDW (total aboveground biomass, g dry wt); RDW (.-oot dry wt, g). FRD (fine
root density, number cm·I); FRP (fine root production rate, number cm'I day·').
LDIL (Iraf display index by twig length, 1AREA/TL90, cm2 cm·I); LDIW (Ieaf
display index by twig mass, TAREA/TDW, cm2 g").

SLM (specifie leaf mass, g cm'2); SDEN (stomatal density (number mm'2); SOlA
(stomatal pore diameter, ILm); CHLA (chlorophyll a, mg g" FW); CHLB
(chlorophyll b, mg g"); TOTCHLW (total chlorophyll, mg g"); LEAFNW (Ieaf
nitrogen, % dry wt); LEAFNA (Ieaf nitrogen, g m,2).

Photosynthetic rates ClLmol m'2 S,I) are given as steady-state in dim Iight (AD),
steady-state in bright light (AMAX), and as transient rates after exposure to bright
light for O.S min (AOS) and 4.S min (A4S). Two sets of measurements were taken
in June 26-July 2, 1990 (c.g., AD_l) and in July 23-30, J990 (AD_2).

RGRVH (relative growth rate in vertical plant height, cm cm" yr·I ); RGRTL
(relative growth rate in total twig length, including the main stem, cm cm" yr");
RGRBD (relative growth rate in stem basal diameter, mm mm" yr").

Chapters 2-4: EXIMORPH.WKI

--

Traits included are the same as in EX2ALL.WK1 except for 1) the addition of
TOTCHLA (total chlorophyll, mg m'2), and 2) the omission of photosynthetic traits.
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EXIPHYSI.WKI

This file contains gas exchange and chlorophyll fluorescence data:

Photosynthetic rates (}.tmo1 m·2 S'I) are given as steady-state in dim light (AD).
steady-state in bright light (AMAX), and as transient rates after exposure to bright
light for O.S min (AOS) and 4.S min (A4S). Four sets of measurements were taken:
June IS-2S, 1990 (e.g., AD_1), July 16-20, 1990 (AD_2), August 6-16, 1990 (e.g.•
AD_3), and September S-13, 1990 (e.g., AD_4). Stomatal conductance (mmol m·2
S·I) corresponding to the photosynthetic rates are given as (C..) with the same
subscript codes.

Dark respiration (RD, /-lmol m'2 S·I) was measured twice: August (ROI) and
September, 1990 (RD2).

Chlorophyll fluorescence parameters inc1ude: TI2 (half time from F. to Fm' s); F.
(constant flourescence); Fm (maximum fluorescenc), and Fr (quenched fluorescence).
See Figure 3 in Chapter 2 for an explanation of these terms. Two censuses of
fluorescence were taken: August (e.g., Tl2_1) and September 1990 (e.g., TI2_2).

The archivai data diskette is deposited with Dr. M,J. Lechowicz, to whom inquiries
regarding data files should be sent. Mailing address: Dept. of 8iology, McGiII
University, 1205 Ave. Docteur Penfield, Montreal, Quebec, H3A 181 Canada.
Electronic mail: EH39@MUSICA.MCGILL.CA. FAX: (514) 398-S069.

Part 2. Input data set and procedures for path ana1ysis

Data on plant traits (as species means) used in the path analysis are in Pathplot.wk 1. Path
model specification and execution commends are kept in Path.cmd.

Procedure for executing the path anaiysis- Impor! Pathplot.wkl into Systat (Version
S.OI). Run Spearman correlation in Systat, save output correlation matrix as a Systat data
file <filename.sys>. Invoke EzPath (Version 1.0), run Path.cmd containing model
specification and EzPath commands (Maximum Likelihood Method used). The computed
path coefficients cao be saved in a file.




