


Results did, however, support the hypothesis that plasticity is reduced in a harsh growth

environment, as both species exhibited significantly less sun/shade plasticity at the

highest elevation sites than at either the mid or low elevation sites.

The physiological response to elevation and crown position was comparable for

the two species, which suggests that they share surprisingly similar ecophysiologies when

grown together in an unfavorable environment. In contrast to the morphological and

anatomical results, however, chlorophyll fluorescence and spectral reflectance suggested

a physiological divergence of sun and shade needles with increasing elevation. Sun

needles became progressively more stressed with increasing elevation, whereas shade

needles did not.

Many other studies commonly focus on just the full-sun response to environment.

These results demonstrate, however, that studies of foliage from only one extreme crown

position cannot hope to capture the whole-plant response to environment, because foliage

from the other extreme may reveal very different patterns.
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Chapter 1:

Introduction

The relationship between an organism and its environment is of fundamental

importance in almost all branches of biology and ecology. Even non-specialists cannot

help but notice some of the most general patterns, such as how community structure is

related to environment. For example, there is a clear difference in the species

composition between the highly diverse rainforest of the tropics, and the comparatively

minimalist spruce-fir-aspen-birch mix of Canada’s vast boreal forests. Similarly, the plant

communities under a dense and dark forest canopy are obviously different from those in

an open and bright old field.

However, as illustrated in Figure 1.1, it is not only the species mixture that

changes with environment. There are a variety of different modes of response, and these

responses can occur across a range of scales. For example, plants have the capacity for

phenotypic plasticity, which means that the same genotype can express different

phenotypes in different environments: in other words, genetically identical individuals

may look different, depending on where they were grown. Across generations, natural

selection acts on the expressed phenotype, and those that are more competitive in a given
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can give rise to ecotypes, or locally adapted populations. Thus there can be a genotypic

response to environment, as well as a phenotypic response (Figure 1.2).

Environmental responses can also be classified as morphological, anatomical, or

physiological. Most studies of plastic responses to environment focus on the

morphological response, since it is usually the easiest response to quantify. For example,

leaf size and shape (i.e. morphology) change depending on the light environment in

which a plant grows (see Chapter 4). However, frequently there are accompanying

anatomical and physiological changes as well: leaves grown in high light often have more

layers of palisade tissue, and often a thicker cuticle (Chapter 4), as well as higher rates of

dark respiration and light-saturated photosynthesis (Chapter 7), compared to leaves

grown in low light. To a degree, these responses are all interconnected: leaf structure, for

example, has a direct influence on the concentrations of CO2 and water vapor within the

leaf, and thus on physiological processes like photosynthesis (Smith et al. 1997) and

transpiration (Chapter 7). Relationships between structure and function are a main theme

throughout this dissertation.

Finally, environmental responses can occur at a range of scales that spans several

orders of magnitude, from molecular and sub-cellular to organ, organism, and even

larger. For example, there are biochemical differences between sun and shade leaves (e.g.

sun leaves have a higher carotenoid:chlorophyll ratio), and microscopic structures may

differ, too (e.g. sun leaf chloroplasts usually have more grana stacks but fewer thylakoids

per granum). At larger scales, plants respond to the light environment by altering leaf

morphology (size and shape) or crown architecture (branching patterns and leaf display).

Although many of the examples I have just used all refer to plant responses to the light
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Expressed phenotype

Genotype

Genotype /
Environment
Interaction

Environment

Successful genotype:
Genes passed to next
generation

Natural selection

Figure 1.2. A simple model illustrating how the expressed phenotype is the product of
the interaction between genotype and environment. Natural selection acts on the
expressed phenotype, and may result in that phenotype being selected for, or against. If
the phenotype is successful, it passes some of its genes on to the next generation.
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environment, a similar range of responses can be imagined in response to many other

environmental factors.

This dissertation is a comparative study of how two co-occurring conifer species,

red spruce and balsam fir, respond to their growth environments. These species dominate

the montane spruce-fir forests that are found at high elevations throughout the eastern

United States. In the 19th and early 20th centuries, loggers harvested red spruce trees

growing at all but the highest elevations and in all but the most remote locations in New

England and adjacent New York state. Now these forests are valued more for their

recreation potential—hiking, snow-shoeing, cross-country and alpine skiing, and

backpacking— rather than their harvestable timber.

The land area actually occupied by montane spruce-fir forests is quite small. For

example, according to Miller et al. (1993), even within the Adirondacks “High Peaks”

area, only 30% of the land area is above 600 m in elevation, and slightly more than 3% is

above 1000 m elevation (Miller et al. 1993). There is concern that, as a consequence of

global change, the structure and composition of high elevation forests may change

dramatically, and that their aesthetic and recreational value may be significantly reduced

(Bloomfield and Hamburg 1997, New England Regional Assessment Group 2001). For

this reason, studies of how these two species respond to their growth environment should

provide valuable data which may help scientists to accurately predict not whether the

competitive balance between red spruce and balsam fir (and between hardwoods and

conifers) may be expected to change in the coming decades. Trees at high-elevation are at

the limit of existence: they are carbon limited, and therefore can be considered “indicator
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ecosystems” (Berlyn et al. 1993) which may be more sensitive to climatic change than,

for example, low elevation trees.

The two environmental gradients I use, the elevational gradient (Figure 1.3) and

the canopy light gradient (Figure 1.4), have both been extensively studied in the past by

other authors (e.g. Wardle 1971, Boardman 1977, Tranquillini 1979, Lichtenthaler et al.

1981, DeLucia and Berlyn 1984, Lichtenthaler 1985, Oleksyn et al. 1998). The primary

reason for this is that they are both excellent model systems for studying plant responses

to the environment. However, my main question, “Does the response to the canopy light

gradient change along the elevational gradient?” (or, phrased differently, “Does the

response to elevation differ for sun and shade leaves?”), has not, to the best of my

knowledge, been investigated before.

The elevational gradient provides the opportunity to gain insight into the long-

term response of populations to an environment that becomes progressively less

favorable (i.e. more stressful) with increasing elevation. Because the transition from

favorable to unfavorable growth environment occurs quite quickly with increasing

elevation (one only has to hike from valley floor to treeline on a summer’s day to

appreciate this), confounding biogeographic differences among populations, such as

might occur across larger spatial scales, can be minimized.

The canopy light gradient is somewhat unique, in that it provides the opportunity

to study how a single individual responds to two environmental extremes: sun at the top

of the crown, and shade at the bottom of the crown. In this way, the capacity for

phenotypic plasticity can be assessed, without genotypic differences between “sun” and

“shade” sample trees being a confounding influence.
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Figure 1.4. The forest canopy defines a significant light gradient. Leaves at the top of the
canopy are exposed to full sunlight, whereas lower-crown leaves, and the leaves of
understory plants, are exposed to only a fraction of full sunlight. The chlorophyll in
leaves absorbs most incident light at red wavelengths (680 nm). However, leaves reflect
about half of the incident light at far-red wavelengths (730 nm). Thus the quality of light,
as measured by the red:far red ratio, is also different in the lower canopy compared to the
upper canopy.
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This method of using “natural experiments” to investigate how plants respond to

their environment had its roots in a number of previous projects with which I was

involved. Preliminary work on red spruce and balsam fir (Richardson et al. 2001a), as

well as mountain paper birch (Richardson and Berlyn 2002), suggested that the species

exhibited quantifiable physiological and morphological responses to the elevational

gradient. These results indicated that the physiological response to increasing elevation is

similar for red spruce and balsam fir, but that these two conifers are much less sensitive

to increasing elevation than the broadleaf mountain paper birch. However, in those

studies, our focus was exclusively on sun foliage, and questions remained about whether

shade foliage would show parallel patterns. It is, for example, difficult to say anything

about the whole-plant response when only sun foliage has been sampled.

At the same time, I was also involved with studies of how within-crown plasticity

to the canopy light gradient varied among conifer species and also along a

chronosequence of stand development (Richardson et al. 2000, Richardson et al. 2001b).

These results suggested that not only does the capacity for plasticity differ between

hybrid spruce and western hemlock, but also that the capacity for plasticity might change

with ontogeny. This then raised the question of whether the capacity for plasticity might

change across different growth environments. To date, there has been only limited

research into this question (see Chapter 4), especially with mature trees.

I had a three primary questions I wanted to try to answer with my research.

First, I was interested in determining whether red spruce and balsam fir exhibited

similar responses to the canopy light gradient. Although both species are considered

shade tolerant, I hypothesized that balsam fir, with its greater geographical range and
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broader ecological niche, would have a greater capacity for sun/shade plasticity than red

spruce.

Second, I hoped to be able to assess whether the capacity for sun/shade plasticity

changed with elevation. I hypothesized that plasticity would be reduced in the harshest

growth environment, i.e. at the highest elevation sites.

Third, I wanted to examine whether red spruce and balsam fir exhibited similar

responses to the elevation gradient. Given the tendency for red spruce to be reach peak

abundance at a lower elevation than balsam fir, it could be hypothesized that red spruce

might show a larger stress response at the highest elevations. However, this hypothesis

had not been borne out by the preliminary study (Richardson et al. 2001a), and so I

wanted to see whether what the result would be when a much wider range of traits was

considered.

To investigate these questions, I collected samples from “sun” and “shade”

canopy positions of red spruce and balsam fir trees at three different elevations. The
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In Chapter 3, I present the results of my micrometeorological studies on the

different mountains. These results define the environmental gradient one find moving up

the side of a mountain. I compare air temperature lapse rates on the different mountains,

and investigate the hypothesis (Richardson and Berlyn 2002) that light levels at the

highest elevations may be dramatically reduced compared to those at lower elevations,

due to the increased cloud frequency on mountain summits.

In Chapter 4, I describe how needle anatomy and morphology of red spruce and

balsam fir changes both across the canopy light gradient and along the elevational

gradient. I focus my discussion on the first two hypotheses presented above. A measure

of within-crown sun/shade plasticity is proposed, and plasticity is compared across traits,

between species, and in relation to elevation.

In Chapter 5, I compare the foliar chemistry of balsam fir and red spruce, and

examine whether there is evidence that this chemistry changes in response to crown

position or elevation. I discuss micro- and macro-nutrients, as well fiber constituents

(hemicellulose, cellulose and lignin). To the best of my knowledge, there are no

previously published data on foliar fiber content in relation to elevation.

In Chapter 6, I consider a range of physiological methods, which I arrange along a

spectrum from “dynamic” (photosynthesis and chlorophyll fluorescence) to “integrated

(spectral reflectance and stable carbon isotope ratios). Focusing on the third hypothesis

described above, I try to assess the degree of ecophysiological similarity between red

spruce and balsam fir. In my discussion, I integrate results from Chapters 4 and 5 in order

to emphasize the connection between structure and function.
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A brief summary of the important results from Chapters 3 through 6 is presented

in Chapter 7.
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Presidential Range of the White Mountains, for example, the standard deviation of

treeline elevation is over 100 m (Cogbill and White 1991).

Cogbill and White (1991) determined latitude-elevation relationships for the

spruce-fir forest along the length of the Appalachians. They found that the spruce-

fir/deciduous ecotone elevation decreased from 1,680 m at 35°N to 150 m at 49°N (-100

m elevation per degree of latitude), while treeline elevation decreased from 1,480 m at

44°N to 550 m at 55°N (-83 m elevation per degree of latitude). Furthermore, the spruce-

fir/deciduous ecotone occurred at the elevation with a mean July temperature of roughly

17°C, whereas treeline occurred at roughly 13°C. In the northeast, at least, the position of

the spruce-fir/deciduous ecotone is thought to be determined by the cloud base height.

One proposed mechanism suggests that frequent rime-icing events, which occur in

autumn and winter when the cloud base is frequently low enough to intersect with the

montane forest, prevent the upslope movement of less frost-hardy deciduous species

(Siccama 1974). Recent evidence (Richardson et al. in press) indicates that over the last

three decades, the cloud ceiling in the northeastern United States has been rising at a rate

of 6.3 ± 0.9 m/y. One implication of this is that we may begin to see an upward shift in

the base of the montane spruce-fir zone. However, such a shift is likely to occur only very

slowly, as the existing trees would have to die off before a deciduous invasion could

begin. This raises a very important point, namely that the ecotones I have discussed are

not static boundaries. For example, pollen and plant macrofossil analysis has been used to

document long-term changes (over the last 10,000 years) in community structure along

the elevational gradient in both the Adirondack (Jackson and Whitehead 1991) and White

Mountains (Spear 1989, Spear et al. 1994). It is thought that zonation patterns
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with its higher quality wood, is much less susceptible. Balsam fir is also highly

susceptible to infestation by the spruce budworm and the balsam wooly adelgid; both

pests have posed serious problems for management of commercial stands. Pest-killed

stands are a serious fire threat, because the fuel is easily ignited (due to the abundant

resin in both trunk and foliage) and burns with intense heat.

Balsam fir grows to a height of 27 m and DBH of 86 cm, but trees are more

commonly in the range of 12-18 m high, with DBH of 30-45 cm. Trees often die by 100

years of age, and rarely exceed 200 years. Because the life span of balsam fir is so much

shorter than that of red spruce, stand dynamics in montane spruce-fir forests are strongly

influenced by the fact that canopy turnover of balsam fir is much more rapid than that of

red spruce.

When grown in the open, balsam typically has a narrow, conical profile, with a

live crown that reaches almost to the ground. In dense forest settings, however, lower

branches are often dead but retained on the tree. Root systems are often shallow

(penetrating less than 75 cm), and restricted to the organic and upper mineral soil

horizons. However, root development in seedlings is more rapid than in other conifer

species. As a result, balsam fir can seedlings become established more quickly than red

spruce seedlings, which often suffer heavy mortality before they can become established.

Once established, however, red spruce is better suited to understory survival than balsam

fir.

Balsam fir starts to produce seeds at about 20 years of age. Although seeds are

produced every year, large crops generally occur only every 2 to 4 years. The winged

seeds are dispersed primarily by wind (to a lesser degree by small mammals), and mostly
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Based on my own field observations in the summer of 1999, I believe that the

spruce on Mt. Moosilauke (at the far western edge of the White Mountains) are pure red

spruce; I have not observed any black spruce there. Farther east (e.g. in the peaks of the

Carter Range, White Mountains, NH), there are high-elevation spruce with

morphological traits characteristic of black spruce, and some with intermediate traits (i.e.

short, grayish needles of black spruce, but the longer cones of red spruce), suggesting

hybridization. The trees from which I collected samples for this study were, based on

their morphological traits, definitely more red spruce-like than black spruce-like.

The light weight, straight-grained, resilient wood of red spruce makes it an

important timber species. Its uses range from paper making to soundboards for musical

instruments. Extensive harvesting of red spruce during the last century and a half has had

long-lasting effects on forest composition; for example, it is estimated that in the

mountains of West Virginia there were 200,000 ha of red spruce in the late 19th century,

whereas now there may be only 7,000 ha.

Red spruce reproduce only from seed; cones are first borne at about 15 or 20

years. Most years, only a small seed crop is produced; bumper crops are somewhat more

rare (3-8 years) than for balsam fir. Seeds are dispersed primarily by wind, and even 100

m from the edge of a stand there can be enough wind-transported seeds for good

regeneration. Germination can occur in the same autumn as the seeds are dropped, though

it is more common for germination to occur the following spring. Seeds have a very low

viability after one year. Adequate advance regeneration is essential if a harvested area is

to regenerate as red spruce; otherwise, hardwood regeneration will quickly out-compete

                                                                                                                                                      
restricted ecological range than the progenitor species, but can usually hybridize with the progenitor
species, which is exactly what we see with red and black spruce.
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new red spruce seedlings. Seedlings establish best on shallow, infertile soils that are

unsuitable for hardwood growth. Unlike balsam fir, red spruce seedlings do not develop a

vigorous root system (and mature red spruce have an even shallower rooting habit than

balsam fir). Rather, seedling roots are usually confined to the organic soil horizon, which

can make them very susceptible to summer droughts; adequate moisture is therefore

essential for seedlings to become established. Frost heaving during the winter is a leading

cause of seedling mortality.

Mature red spruce are susceptible to a number of pests and diseases, including

spruce budworm and eastern spruce beetle, but younger trees are usually not affected.

Overall, red spruce is much less susceptible to pest infestations than balsam fir. However,
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1991, Battles et al. 2003). Recent work, which documented reduced mortality, increased

recruitment, and increased growth rates of canopy spruce trees, suggests that red spruce

may be recovering from this period of decline, at least at some sites in the Adirondacks

(Battles et al. 2003).

Red spruce grows to a maximum height of 35 m. Mature trees more typically are

in the range of 18-23 m, with a DBH of 30 to 60 cm. Red spruce therefore grows to be

somewhat larger than balsam fir. The lifespan of red spruce can be extremely long, up to

about 400 years, which is about twice as old as the maximum for balsam fir.

Red spruce is normally found growing on soil derived from glacial drift and till,

and typically these soils are acid (pH between 4.0 and 5.5). Midslope sites slope s ford tto al. 2003).









Figure 2.2. Summit ridge on Mt. Mansfield, at about 1190 m, looking north towards the
main summit (“the Chin”, 1339 m). Note the exposed, highly metamorphosed, bedrock
and flagged krummholz red spruce and balsam fir.
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Figure 2.3. Near the East Peak of Mt. Moosilauke, at about 1425 m, about 40 m above
the treeline transition from a closed-canopy forest with vertical stems to prostrate,
flagged krummholz.
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mountain paper birch than red spruce. At the “Esther” site (1000-1063 m elevation),

canopy tree density was 904 stems/ha, of which balsam fir accounted for 86%, and red

spruce 6%, of the total stem count. Sub-canopy tree (2.0-9.5 cm DBH) density was 4300

stems/ha. 64% of canopy tree basal area (26.7 m2/ha) came from balsam fir, whereas 18%

came from red spruce.

Although Battles et al. (2003) did not conduct a regeneration survey, some data

are available for Whiteface Mt. from the 1985 study of Fitzgerald and Raynal (1991). At

900 m, they found small seedling (defined as ≤ 10 cm in height) densities of 225,000

stems/ha for balsam fir, and 4,150 stems/ha for red spruce; at 1100 m, the corresponding

figures were 90,000 stems/ha and 1,500 stems/ha, respectively. Large seedling (> 10 cm,

but < 1.4 m, in height) densities were 17,500 stems/ha (balsam fir) and 1,500 stems/ha

(red spruce) at 900 m, and 50,000 stems/ha (balsam fir) and 800 stems/ha (red spruce) at

1100 m.

An interesting phenomenon in many subalpine fir forests, not only in North

America but also in Japan, is the presence of “fir waves”. Reiners and Lang (1979)

estimate that 15% of the forested land area above 1220 m in the White Mountains is

occupied by fir waves, and so they merit mention in any discussion of forest structure.

From a distance, fir waves are clearly visible as parallel lines of mortality that often run

upslope or along ridgetops. On closer inspection it is noted that the “waves” are actually

defined by zones of growth, senescence, and death. The “wave front” is a band of

standing dead fir trees, which suggests that the pattern is not generated by blowdowns,

because if that were the case, the dead trees would be no longer standing. Moving away
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the next wave front is reached. Tree-ring analyses suggest that the waves move across the

landscape at a rate of several meters per year. The actual mechanism producing this

pattern is still not clear (Reiners and Lang 1979), although the results of Boyce (1988)

were consistent with the idea that winter winds and rime-ice buildup could play a role.

Geology and forest soils

The Adirondacks, Green Mountains and White Mountains have all followed

somewhat similar developmental paths (uplifting and erosion, then perhaps more

uplifting and erosion, and, most recently, glaciation), although the ranges are products of

distinctly different geological events. It is important to note that the neither the

Adirondacks, nor the Green Mountains, are in any way an extension of the Appalachians,

contrary to what is commonly believed. The geological history of the northeastern United

States is well described by Raymo and Raymo (2001); I will give only a brief overview

here.

The Adirondacks are perhaps the most interesting of the three main mountain

ranges in the northeast. They are a comparatively young range, and are thought to be still

rising. More or less circular in shape, their dome-like form is due to uplifting far below

the Earth’s surface, rather than the more typical surface collision of tectonic plates. The

exposed bedrock in the Adirondacks is Precambrian (over 1 billion years old) in origin,

and is part of the Grenville Province. During the Grenville Orogeny (1.1 billion years

ago), when the Baltic Shield collided with the proto-North American continent, a

mountain range comparable to today’s Himalaya was formed. Over the following 400

million years, this range was eroded to sea level, leaving exposed metamorphosed
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Precambrian rock. The Adirondacks are comprised mainly of metamorphosed granite and

anorthosite, which is overlain in places by the eroded remains of ancient metamorphosed

sedimentary rock (sandstones and shales).

The bedrock of the Green Mountains is younger than that of the Adirondacks, and

is derived mainly from deposits in basins along the edge of the Grenville Province, when

it formed the shore of the Iapetus Ocean. Some 500 million years ago, sand, carbonates

and mud were deposited to form the sedimentary rock, which was subsequently

metamorphosed when the Iapetus Ocean closed up and the region was violently

compressed during the Taconic Orogeny. During this time, strata were re-oriented

vertically and the metamorphosis resulted in gneisses, marbles and schists. The rocks of

both the Berkshire Hills of western Massachusetts and the Green Mountains of Vermont

thus had their origin during the Cambrian and Ordovician periods; subsequent erosion,

followed by more uplifting, resulted in the mountains we see today.

The White Mountains of New Hampshire, which lie towards the northern end of

the Appalachians, were formed primarily during the Acadian Orogeny of the Devonian

Period (380 million years ago). This mountain-building event was the result of the

collision of Baltica (Northern Europe) and Laurentia (North America), which caused the

crumpling of the Gander and Avalonia Terranes (most of present-day New England).

Once again, a huge mountain chain was created across the northeast, and the resulting

deformation of the Earth’s crust led to massive intrusions of granite that would ultimately

form the White Mountains of New Hampshire. First, however, many thousands of

vertical meters of overlying sedimentary rock had to be worn away; this erosional debris
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would later form the sedimentary rocks of the Catskill Mountains of southeastern New

York.

A subsequent mountain-building event, the Alleghenian Orogeny (290 million

years ago), led to the formation of the southern Appalachians (but had less of an impact

on the northern Appalachians), as Gondwanaland (in particular, what would later be

north-west Africa) collided with the eastern margin of present-day North America. Soon

after this occurred, Sibera collided with Europe, and assembly of the supercontinent

Pangaea was completed around 250 million years ago.

During the Triassic and Jurassic Periods (250-140 million years ago), Pangaea

broke apart, forming what is now the Atlantic Ocean. During the Cretaceous Period (140-

65 million years ago), extensive erosion occurred across the entire northeast, as the

towering mountains were slowly worn down. The end of the Cretaceous was marked by a

catastrophic extinction and the end of the dinosaurs.

During the Cenozoic era (the last 65 million years), the Earth’s climate has slowly

cooled, and for most of the Quaternary Period (the most recent 2 million years), the

northeastern United States has been covered by glacial ice up to 2 km in thickness. The

continental ice sheets originated in central Canada, in the vicinity of Hudson Bay, and as

they slowly advanced across the land (as far south as the Ohio and Missouri River valleys

of today) they bulldozed sediments, and scraped and polished bedrock surfaces. The most

recent glaciation began about 100,000 years ago. As the climate cooled, the forests of

New England were replaced by tundra, which was then pushed aside by the advancing ice

sheet; only the highest summits of the northeast were left exposed above the ice. What

had been V-shaped valleys, typical of erosion by water, were scoured and rounded,
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1974). Generally, spruce-fir zone soils have both extremely low pH and low base

saturation. High precipitation enhances nutrient leaching (White and Cogbill 1992), and

combined with cool temperatures and organic acids present in coniferous litterfall, results

in podzolization being a key soil forming process (Fernandez 1992). These Spodosols

have subsurface accumulations (the spodic horizon) of organic matter and Al (possibly

also Fe) oxides (Brady and Weil 1999). Histosols (organic soils) and Inceptisols (soils

with minimal profile development) also commonly underlie spruce-fir forests (Fernandez

1992). Because of slow rates of litter decomposition (Fernandez 1992), the forest floor is

often quite thick. Forest floor depth increases, whereas base saturation decreases, with

increasing elevation (Siccama 1974, Johnson et al. 1994). The upper organic (O) horizons

are generally more acidic than the deeper mineral soil horizons, but base cation

concentrations are also frequently highest in the upper horizons (Fernandez 1992).

Although Ca is often abundant (≈10 cmolc/kg) in the O horizons, concentrations of Al are

also typically high (≈ 5 cmolc/kg); in the mineral horizons below, Ca concentrations

decline rapidly with depth (to less than 1 cmolc/kg), and Al becomes the dominant

exchangeable cation, possibly to the point of having a detrimental e m(re)t
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significant chemical input to high-elevation forests (Mohnen 1992), and the effect of

cloud drip on precipitation totals has already been discussed.

Site details and sampling design

My objective was to study foliar differences between red spruce and balsam fir

both along the elevational gradient and across the canopy light gradient. To do this, I

used a split-split plot design: the main plot (low, mid or high elevation) was split first by

species (red spruce or balsam fir) and then crown position (sun or shade needles). On

each mountain, I had two transects, one on each of the south and east sides of the peak.

The protocol for selecting individual trees (3 of each species per site; a total of 108 trees

for the whole study), as well as collecting samples and conducting measurements, is

described in greatest detail in Chapter 4, and supplemented where necessary in Chapters

5 and 6. As should be apparent from the preceding discussion of forest structure, balsam

fir is generally far more abundant than red spruce in these forests, and thus it was

generally much more difficult to find suitable individuals of red spruce than balsam fir. I

looked for individuals that were representative of those growing at each elevation, with

healthy, well-developed crowns. I used trees that were growing on the edge of a gap or

trail, so that leaves growing in full sun could be easily obtained, but I was limited in what

I could reach by the length of the pole pruner we carried (8 m). Trees were selected in

pairs, which usually meant that once an appropriate red spruce had been located, I

collected samples from that tree and the nearest balsam fir trees which met my criteria.

In Table 2.2, I briefly describe the individual sites on each mountain. I sampled

red spruce and balsam fir trees at three different elevations: 1) near the bottom edge of
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Chapter 3:

Micrometeorology of montane spruce-fir forests

Abstract

Mircometeorological stations were installed on three different mountains,

representing the major ranges of the northeastern United States: Adirondacks (New

York), Green Mountains (Vermont), and White Mountains (New Hampshire). Vegetation

patterns in these mountains are strictly controlled by the steep environmental gradient

from valley to summit.

Although mean lapse rates of air temperature were comparable to those

previously reported for this region, there was clear evidence of a previously unreported

east-west lapse rate gradient. The data also document considerable variability in the lapse

rate, which was mostly related to diurnal (and, to a lesser degree, seasonal) effects. For

some applications, it may be necessary to take this variability into consideration. The

diurnal lapse rate pattern was more pronounced on Mt. Moosilauke than either of the

other two mountains, and this is likely related to topography. Mean annual soil

temperatures and soil temperature heat sums did not show a consistent pattern with

regard to elevation.
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In these mountains, it has been suggested that frequent cloud immersion at high

elevation results in radiation fluxes at that are dramatically reduced compared to those at

mid and low elevation. However, results of this study did not support this hypothesis.

Clear-sky fluxes of photosynthetically active radiation increased moderately with

increasing elevation, but mean (including cloudy days) mid-day fluxes during the

growing season were almost identical between mid and high elevation on Mt.

Moosilauke.

Introduction

Microclimatology of montane landscapes is dependent on latitude, continentality

and topography. The only climatic or meteorological traits generally characteristic of
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Figure 3.2. High elevation site (1425 m) on Mt. Moosilauke, early October 2001.
Accumulated rime ice can be seen on the support pole and anemometer cup. Mt.
Washington is the large, snow-capped peak seen in the far distance.
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Table 3.2. Instrumentation details of meteorological stations installed for this study.

Whiteface Mt. (June 2001–September 2002): 1095 m, 1377 m, 1475 m
• Hobo H8 Pro (Onset Computer Corp., Bourne, MA) data logger with integral

thermistor for air temperature, and external probe for soil temperature (15 cm
depth)

• 30 min sampling interval

Mt. Mansfield (October 2000–September 2002): 917 m, 1197 m, 1317 m
• Hobo H8 Pro data logger with integral thermistor for air temperature and capacitive

sensor for relative humidity
• 30 min sampling interval

Mt. Moosilauke (September 2001–September 2002): 748 m, 1425 m
• multi-channel data logger (CR-10, Campbell Scientific Inc. [CSI], Logan, UT)
• copper-constantan thermocouples (in conjunction with CR10XTCR (CSI) reference

thermocouple) for air temperature and soil temperature (15 cm depth)
• capacitive sensor for relative humidity (CS 500 at 748 m, HMP35C at 1425 m; both

CSI)
• quantum sensor (190SZ, Li-Cor Inc., Lincoln, NE) and pyranometer (Model 50,

Eppley Laboratory, Newport, RI; 748 m elevation only)
• wind speed and direction (03001 Wind Sentry, R.M. Young Co., Traverse City, MI)
• 10 s sampling interval, 15 minute means output to storage
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VT; and 8) Benton, NH. Shaded symbols for sites 1-3 indicated data collected by the
author. NOAA data for other stations obtained from the National Climatic Data Center
(see text for further details). Soil temperature gradients on Whiteface Mt. and Mt.
Moosilauke are shown for comparative purposes. The linear regression line is based only
on air temperature data.
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latitude, presumably because the narrow latitudinal band across which the stations were

located (less than 1°) makes such patterns difficult to detect (Leffler 1981 calculated that

mean annual temperature decreases by 1.08°C per degree of latitude along the

Appalachian Mts.). Although Leffler (1981) and Schmidlin (1982) demonstrated similar

elevation–temperature relationships for mountaintop, or “crest” stations, the present data

set includes a number of stations located either mid-slope or in valleys, and thus validates

a much more general relationship across a greater variety of topographical situations.

Monthly mean air temperatures at different elevations on the same mountain were

very well correlated with each other, and seasonal patterns were similar across the three

different mountains (Figure 3.4). Mean annual lapse rates on each mountain were

intermediate between the dry adiabatic lapse rate (–0.98°C/100 m) and the saturated

adiabatic lapse rate (–0.50°C/100 m at 20°C) (Barry 1992), and compared favorably with

those previously reported for the eastern United States (Table 3.3), as well as mountain

ranges in Japan and Europe (Barry 1992) and the tropics (Körner 1999). These figures

were also in keeping with (though slightly steeper than) those calculated using NOAA

data (Table 3.3). There was a longitudinal trend to the lapse rates at these stations, with

the most easterly mountain (Mt. Moosilauke) having the least steep lapse rate, and the

most westerly mountain (Whiteface Mt.) having the most steep lapse rate. This pattern is

at least consistent with the idea that the Adirondacks have a drier, more continental

climate than the White Mountains, which are more humid and maritime (Miller et al.

1993b). However, there was no evidence that the seasonal temperature amplitude was

larger on Whiteface Mt. than either of the mountains farther east.
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Table 3.3. Comparison of lapse rates calculated in this study with those previously
published for the mountains of the eastern United States.

Lapse rate Location Source
–0.34 Mt. Ascutney, VT (winter only) Friedland et al. (2003)
–0.41 Great Smoky Mountains, NC-TN Shanks (1954)
–0.5 White Mountains, NH Sabo (1980)
–0.53 Mt. Mansfield, VT NOAA data (1957-2001)
–0.56 Mt. Washington, NH NOAA data (1950-2001)
–0.57 Whiteface Mt., NY NOAA data (1985-1988)
–0.57 NY, VT & NH data Figure 3, this study
–0.58 Mt. Moosilauke, NH this study
–0.60 22 NOAA sites, VT & NH Dingman (1981)
–0.6 Camels Hump, VT Siccama (1974)
–0.62 Mt. Mansfield, VT this study
–0.64 Mt. Moosilauke, NH (Apr.-Nov. only) Reiners et al. (1984)
–0.64 Whiteface Mt., NY this study
–0.70 Whiteface Mt., NY Miller et al. (1993b)
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Both Figure 3.3 and Table 3.3 are based on annual means, and therefore obscure

the considerable variation in lapse rates which occurred at shorter temporal (or spatial)

scales. For example, the standard deviation of the mean annual lapse rate calculated using

NOAA data was ±0.04°C/100 m, and the standard deviation of the mean monthly lapse

rate was ±0.10°C/100 m. There was a general tendency for lapse rates to be least steep

during the autumn (October-December) and winter (January-March), and most steep

during the spring (April-June) and summer (July-September) (Table 3.4). Although these

results fit in with what is generally observed in temperate zone mountains (Körner 1999),

the pattern was by no means universal. For example, Whiteface Mt. data from this study
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Table 3.4. Quarterly mean lapse rates of air temperature (°C/100 m elevation) on
mountains in the northeastern United States.

JFM AMJ JAS OND
Calculated using hourly or quarter-hourly data (Author’s own stations):
Whiteface Mt. (10/01-10/02) -0.64 -0.63 -0.65 -0.63
Mt. Mansfield (10/00-10/02) -0.56 -0.65 -0.64 -0.64
Mt. Moosilauke (9/01-10/02) -0.60 -0.63 -0.58 -0.52

Calculated using monthly mean data (NOAA/ASRC stations):
Mt. Washington (1950-2001) -0.49±0.06 -0.63±0.03 -0.59±0.03 -0.51±0.05
Mt. Mansfield (1957-2001) -0.45±0.10 -0.57±0.07 -0.56±0.05 -0.52±0.06
Whiteface Mt. (1985-1988) -0.54±0.06 -0.56±0.02 -0.60±0.10 -0.58±0.06

Note: JFM, January–March; AMJ, April–June; JAS, July-September; OND, October–
December. Values are mean ± 1 S.D. for lapse rates calculated using monthly data.
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There was a clear diurnal lapse rate pattern, with lapse rates during the day

generally being much stronger than those at night (Figure 3.6). The diurnal variation in

lapse rate was stronger on Mt. Moosilauke than the other two peaks. This can be

attributed to differences in the mean diurnal temperature range (mean[daily maximum –

daily minimum]), which was larger at low (10.7 ± 4.8°C) and mid (9.4 ± 4.1°C) elevation

than at high elevation (6.9 ± 3.1°C) on Mt. Moosilauke. Although this fits the expected

pattern (Körner 1999), on both Whiteface Mt. and Mt. Mansfield, there was no elevation

pattern in the mean diurnal temperature range, which was fairly constant at about 7.5°C.

The phase or timing of the diurnal lapse rate pattern also differed among mountains. For

example, on Mt. Moosilauke, lapse rates reached a minimum at 0600 h and peaked at

1500 h. In contrast, on Whiteface Mt. and Mt. Mansfield, lapse rates were quite stable

from 1800-0600 h, but reached a maximum in mid-morning. Both magnitude and phase

differences in the diurnal pattern can likely be explained by the different topographies of

the three mountains. For all three of the mountains, high elevation sites were located in

exposed positions where strong winds and good mixing were probably common. The low

elevation sites on Whiteface Mt. and Mt. Mansfield were located mid-slope, which

contrasts with the mid elevation site on Mt. Moosilauke, which was located in a valley.

Valley sites, which typically have stronger diurnal patterns, warm more during the day,

and cool more during the night, than mid-slope sites (Barry 1992). The diurnal

mountain/valley breeze pattern (described below), as well as differences in aspect, may

further enhance this effect and contribute to the diurnal lapse rate pattern.
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Table 3.5. Temperature sums (in degree-days) computed for different reference
temperatures at stations located along the elevational gradient on three mountains of the
northeastern United States.

Reference temperature: 0°C 5°C 10°C
Air temperature:

Whiteface Mt.
Low (1095 m) 2317 1362 629
Mid (1377 m) 1879 1011 360
High (1475 m) 1746 907 291

Mt. Mansfield
Low (917 m) 2453 1482 712
Mid (1197 m) 2080 1178 496
High (1317 m) 1926 1065 426

Mt. Moosilauke
Low (247 m) 3279 2086 1187
Mid (748 m) 2668 1639 833
High (1425 m) 1869 1017 391

Soil temperature:
Whiteface Mt.

Low (1095 m) 2983 1359 553
Mid (1377 m) 1420 571 54
High (1475 m) 1320 636 127

Mt. Moosilauke
Mid (748 m) 2280 1130 400
High (1425 m) 1404 553 55
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sampling frequency could result in some damping of the measured peak. Mean wind

speeds decreased with decreasing elevation, from 4.8 m/s at high elevation to less than

1.0 m/s at mid and low elevations (Figure 3.8). A reasonable estimate of winter wind

speeds can be obtained by doubling the above figures: the mean wind speed on the

summit of Mt. Washington is 12 m/s during the summer and nearly twice that (23 m/s)

during the winter (Barry 1992).

In addition to higher gust and mean wind speeds at high elevations, the standard

deviation of wind speeds was much larger (2.7 m/s) at high elevation than at either mid or

low elevation (both ≤ 1.0 m/s). From the distribution of mean wind speeds across the

three elevations (Figure 3.8), it is clear that extreme wind events were much less common

at both low and mid elevation than at high elevation. For example, at high elevation, 19%

of 15-minute mean wind speeds were greater than 6 m/s, whereas at mid and low

elevations, the wind was never as consistently strong. Topography (i.e. the exposed

position of the high elevation station on the East Peak of Mt. Moosilauke), rather than

elevation, is thought to be the key factor that determines mountain wind patterns (Barry

1992). This hypothesis is supported by the patterns in wind direction observed on Mt.

Moosilauke. At the high elevation station, there were no diurnal patterns in wind

direction (Figure 3.9), as the prevailing winds were from the SW and NW, regardless of

time of day. In contrast, at the mid elevation station there was a classic, clearly defined

valley wind (upslope or anabatic) during the day and mountain wind (downslope or

katabatic) at night (Oke 1978). At the mid elevation site, the Baker River valley runs in a

south-west to north-east direction, which almost perfectly matches the observed
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For a century or more, botanists and ecologists have studied the ways in which

leaf structure and function vary with environment. Early observers (e.g. Clements 1905,

Hanson 1917, McDougall and Penfound 1928, Büsgen and Münch 1929, Stover 1944,

Wylie 1951) recognized differences not only among functional groups (e.g. mesophytes

and xerophytes), but also among individuals of the same species, such as those growing

in different light (i.e. sun vs. shade) and temperature (i.e. alpine vs. lowland) regimes.

The capacity for a response to environment is limited by both phylogenetic

constraints and structural/physiological constraints. Recent research demonstrates that

there are universal relationships among fundamental leaf traits that hold across different

biomes (Reich et al. 1999; Ackerly and Reich 1999). Thus, evolutionary trade-offs place

strong limitations on foliar form and function, and limit the ways in which leaf traits can

be combined (Reich et al. 1999). Nevertheless, within these bounds, leaves can still be

highly specialized in their adaptations to different environments (Hanson 1917, Larsen

1927, Gutschick 1999). From an ecological perspective, quantifying differences in leaf

structure and function along environmental gradients may reveal the adaptations

necessary to survive in extreme conditions (e.g. high elevation, Körner et al. 1989, Smith

and Knapp 1990), and also gives insight into how the capacity to respond to environment

varies among species. Studies along elevational gradients are just one example of natural

experiments from which it may be possible to determine long-term species responses to a

range of environmental conditions. Such knowledge is crucial for the accurate prediction

of the effects of climate change on terrestrial ecosystems. However, there have been few

studies of the relationships between elevation and leaf structure, especially in conifers at

the limits of tree growth (Smith and Knapp 1990).
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Table 4.1. Mean (± 1 S.D.) tree dimensions and canopy light transmittance of red spruce
and balsam fir sampled at three different elevations. DBH, diameter at breast height; TR,
relative canopy transmittance of red (660 nm) light; TFR, relative canopy transmittance of
far red (730 nm) light; R:FR, red:far red ratio under canopy relative to red:far red ratio
above canopy (calculated as TR/TFR). Tree height at low elevation was estimated from
DBH using equations calibrated at Whiteface Mt. by Battles et al. (1995). Tree height at
high elevation was measured directly but because trees did not reach breast height no
DBH was recorded. Means are based on a total of 18 individuals of each species sampled
at each elevation.

                  Red spruce                                      Balsam fir                 
Low Mid High Low Mid High

DBH (cm) 19.5±8.2  8.8±4.3 n/a 18.6±7.5  10.4±5.8  n/a
Height (m) 11.1±3.4  n/a 1.0±0.4 11.5±3.7  n/a 1.1±0.5

TR 0.14±0.11 0.14±0.04 0.14±0.04 0.10±0.05 0.12±0.05 0.13±0.04
TFR 0.20±0.13 0.20±0.06 0.21±0.05 0.16±0.07 0.17±0.05 0.18±0.05
R:FR 0.67±0.08 0.70±0.10 0.63±0.08 0.65±0.10 0.68±0.08 0.64±0.10
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Table 4.2. Analysis of variance (ANOVA) table for split-split plot experimental design
used in this study. The letters “r” and “f” identify random and fixed factors, respectively.
There were six transects (two on each of three mountains), three elevations (low, mid,
and high), two species (red spruce and balsam fir), and two crown positions (sun and
shade), for a total of 216 samples collected.

r/f Source of Variation df Error term
Main plot:

r Transect T 5 P(T×E)
f Elevation E 2 T×E
r Error 1 T×E 10 P(T×E)
r Pairs of trees P(T×E) 36 —

Split-plot:
f Species S 1 Error 2
f Elevation × Species E×S 2 Error 2
r Split-plot error, Error 2: T×E×S 15 S×P(T×E)

(T×S + T×E×S)
r Species×P(T×E) S×P(T×E) 36 —

Split-split-plot:
f Crown position C 1 Error 3
f Crown×Elevation C×E 2 Error 3
f Crown×Species C×S 1 Error 3
f Crown×E×S C×E×S 2 Error 3
r Split-split-plot error, Error 3: T×C×E×S 30 C×S×P(T×E)

(T×C+T×C×E+T×C×S+T×C×E×S)
r (C×P(T×E) + C×S×P(T×E)) C×S×P(T×E) 72 —

215
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Figure 4.3. Photomicrographs of low-elevation needles of balsam fir and red spruce from
two crown positions. Scale bar denotes 500 µm. A) Balsam fir, shade needle; B) balsam
fir, sun needle; C) red spruce, shade needle, D) red spruce, sun needle. Note that the
width and thickness of needles (A) and (D) are representative of the mean dimensions for
those needle types, but (B) is 23% thicker and 11% wider than the “typical” low elevation
balsam fir sun needle, whereas (C) is 7% thicker and 12% wider than the “typical” low
elevation red spruce shade needle.
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Mean plasticity index Π across all elevations
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Figure 4.5. Differences in sun/shade plasticity between red spruce and balsam fir for
different anatomical and morphological traits. A larger value of the index value Π
indicates greater sun/shade plasticity, i.e. a larger difference in the measured trait
between sun and shade shoots. VC CSA, vascular cylinder cross-sectional area, measured
perpendicular to the main axis of the needle.
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Figure 5.1. Foliar nutrient concentrations (mass basis, mg nutrient/kg needle dry weight,
except for N which is % needle dry weight) of red spruce and balsam fir. Black bars are
for shade needles, white bars are for sun needles. Error bars indicate ± 1 S.E.
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Table 5.2. P-values from statistical analysis of needle fiber data for red spruce and
balsam fir samples collected along the elevational gradient. Ndf and Ddf indicate
numerator and denominator degrees of freedom, respectively, for F-tests. P-values
determined by mixed model analysis of split-split plot design; significant P-values (P ≤
0.05) are shown in bold. NDF and ADF are neutral detergent fiber and acid detergent
fiber, respectively; Hemi is hemicellulose.

Factor Ndf Ddf NDF ADF Hemi. Cellulose Lignin
Elevation (E) 2 10 0.01 0.02 0.42 0.03 0.03
Species (S) 1 15 ≤0.001 ≤0.001 ≤0.001 ≤0.001 0.39
Crown (C) 1 30 0.87 0.84 0.86 ≤0.01 0.86
E×S 2 15 0.06 0.08 0.92 0.90 0.80
E×C 2 30 0.04 0.36 0.29 0.06 0.64
S×C 1 30 0.21 0.83 0.06 0.88 0.74
E×S×C 2 30 0.65 0.92 0.58 0.71 0.77
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Table 5.3. Mean (±1 S.D.) concentrations, by species and mountain, for elements and
fiber constituents of red spruce and balsam fir foliage collected at three different
elevations. NDF is netural detergent fiber, and represents a measure of total fiber content
(hemicellulose + cellulose + lignin). Data are for sun foliage only.

a) Balsam fir
Whiteface Mt. Mt. Mansfield Mt. Moosilauke

N (%) 1.56±0.15 1.73±0.13 1.65±0.10
P (mg/kg) 843±97 1136±227 1053±153
K (mg/kg) 2793±660 3196±1006 4112±421
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Table 5.5. Comparison of reported crown position effects on nutrient concentrations
(mass basis, g nutrient/g leaf tissue). The present study, Likens and Bormann (1970) and
Lichtenthaler (1985) all explicitly compared sun (‘sun’) and shade (‘sh’) leaves, whereas
other studies focus on the vertical distribution from the top (‘top’) to the bottom (‘bot’) of
the crown, which may or may not correspond to a significant light gradient. Balaguer et
al. (2001) data for plants grown in two different light environments, 100% (sun) and 25%
(shade) full sunlight. For the review article of van den Driessche (1974), the number of
cited examples for each pattern is given in parentheses. Abbreviations: n.s., not
significant (at α = 0.05); n.r., not reported.

Source N P K Ca Mg
Present study, balsam fir and red spruce Sh > sun Sh > sun Sh > sun Sh < sun n.s.

Likens and Bormann 1970,
Acer saccharum
Betula alleghaniensis
Fagus grandifolia

n.r.
n.r.
n.r.

n.r.
n.r.
n.r.

Sh ≈ sun
Sh < sun
Sh ≈ sun

Sh ≈ sun
Sh ≈ sun
Sh ≈ sun

Sh ≈ sun
Sh ≈ sun
Sh ≈ sun

Lichthenthaler 1985, Fagus sylvatica Sh > sun Sh ≈ sun Sh > sun Sh < sun Sh > sun
Balaguer et al. 2001, Quercus coccifera Sh > sun Sh > sun Sh > sun n.r. n.r.
Comerford 1981, Pinus resinosa Bot < top Bot > top Bot > top n.r. n.r.
MacLean and Robertson 1981, red spruce Bot < top Bot < top n.s. Bot > top Bot < top
Myre and Camiré 1996, Larix decidua Bot > top n.s. n.s. n.s. n.s.
van dan Driessche 1974, Review article Bot < top (9)

Bot > top (1)
Bot < top (7)
Bot > top (1)

Bot < top (8)
Bot > top (2)

Bot < top (4)
Bot > top (4)

Bot < top (6)
Bot > top (1)
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Driessche (1974) argued for apical control of nutrient distribution within the crown, and

suggested that nutrient concentrations in the lower crown would therefore be more

sensitive to deficiencies than in the upper crown. For N, optimal allocation theory

suggests that the marginal photosynthetic gain per unit of N should be constant

throughout the canopy (Field 1983). Simple models predict that N should be allocated in

direct proportion to the relative amount of photosynthetically active radiation (PAR)

received (Hollinger 1996). This justifies the general result that N concentrations are

higher at the top of the canopy (Table 5.5, Hollinger 1996, Stenberg et al. 1998).

However, because conifer shade shoots are more efficient at intercepting available PAR
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peak” reflectance at 550 nm, and several pigment-based reflectance indices are consistent

with a stress response (increased photoprotection and reduced foliar chl content) to high

elevation (Richardson et al. 2001, 2003, Richardson and Berlyn 2002a). Although there is

considerable variability among studies of isotopic composition in relation to elevation,

the mean rate of change in δ13C appears to be slightly greater than 1.0‰ km-1 (Körner et

al. 1991, Marshall and Zhang 1994, Hultine and Marshall 2000, Warren et al. 2001).

Notably, past studies of physiological responses to elevational gradients have all been

conducted exclusively on outer-canopy or sun foliage, which offers little insight to the

whole-plant response to environment.

From the above review, it should be clear that the physiological methods I use in

this chapter offer a range of different perspectives on the functional response of plants to

gradients of light and elevation. In the following chapter, two main questions are

investigated:

1) Is the physiological response to the canopy light gradient the same across

different elevations?; and

2) Do the different physiological methods offer a consistent interpretation of the

physiological responses to these environmental gradients?

Materials and Methods

The study sites, sampling design and sample collection protocol are described in

detail in the Chapter 4. In this chapter, only the physiological measurements are

described. Reference is made to data presented in the preceding chapters: projected

needle area, needle mass, NMA (needle mass to area ratio), needle thickness, and tissue
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synthesized at a higher rate than balsam fir. These results highlight the dilemma, “What is

the appropriate basis for expressing photosynthetic rates of conifers?”

Stenberg et al. (2001) used a novel approach to study within-canopy variation in

shoot-level photosynthetic efficiency. Efficiency (ε) was defined as (total daily

photosynthesis)/(total potential daily light interception). The efficiency term was then

itself defined as the product of light-interception efficiency (εI, which depends on shoot

structure) and photosynthetic conversion efficiency (εPHOT, which depends on

physiological acclimation).2 Stenberg et al. (2001) found that shade shoots were

photosynthetically more efficient (higher ε) than sun shoots due to enhanced εI, which

was much higher in shade shoots than sun shoots, rather than εPHOT, which differed little

between sun and shade shoots. Although data from the present study do not permit direct

calculation of εI and εPHOT, this model illustrates the contribution of shoot-level

morphological responses (e.g. needle packing, see Chapter 4) to sun/shade variation in εI,

whereas needle-level anatomical (e.g. NMA, tissue density, needle thickness, vascular

cylinder cross-sectional area, cuticle and epidermis thickness, see Chapter 4) and

physiological (e.g. N partitioning and pigmentation, as well as results described in this

chapter) responses contribute to variation in εPHOT. Large enough differences in εI between

sun foliage and shade foliage can result in shade foliage having a higher overall ε,

regardless of differences in εPHOT.

In some cases, εPHOT of sun foliage may be lower than that of shade foliage,

despite adaptive structural modifications to full sun. In this study, both chlorophyll

                                                  
2 εI

 was defined as (total daily light interception)/(total potential daily light interception). εPHOT was defined
as (total daily photosynthesis)/(total daily light interception).
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transmitted or absorbed. Thus, by reflecting less, shade needles have the potential to

absorb more radiation. Low reflectance is an appropriate strategy in low light, where it is

optimal to maximize light harvesting potential (St. Jacques et al. 1991). In contrast, as a

means of photoprotection, sun needles, which experience a light environment where full

sun may cause photo-damage, reflect more (and thus likely absorb less) visible radiation;

this also helps to minimize the elevation of sun needle temperatures above ambient. Thus

it is interesting that in the infra-red (above about 750 nm) little difference in reflectance

between sun and shade needles was observed. Presumably this can be attributed to the

fact that, at these wavelengths, photons do not have enough energy to power

photosynthesis, and consequently high absorptance in this region of the spectrum confers

no advantage.

As with the chlorophyll fluorescence data, the reflectance indices Chl NDI and

PRI indicate a physiological divergence between sun and shade needles at higher

elevations. For shade needles, neither index changed appreciably from L to H, whereas

for sun needles there was a clear declining trend in both indices from L to H (Figure 6.6).

For both species, index values were higher for shade needles than sun needles. Chl NDI

has been shown to be almost linearly related to total chl content (Richardson et al. 2002).

Shade needles thus have higher chl contents, and because of the lower NMA relative to

sun needles, also have higher chl concentrations than sun needles. Foliar N

concentrations (%N) were similar in sun and shade needles for both balsam fir and red

spruce, but area-based N content (Narea) was higher in sun needles compared to shade

needles for both species (Chapter 5). Thus, the ratio of chl to total N was much lower in

sun needles than shade needles. In sun needles, more N must therefore be allocated to
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indicator of water use efficiency (WUE). Less negative δ13C implies greater WUE

(O’Leary 1988, Ehleringer 1989). On this basis, it is suggested that red spruce has a

slightly greater intrinsic WUE than balsam fir.

Past studies have shown that as irradiance increases, δ13C becomes less negative

(O’Leary 1988). Differences in δ13C between sun and shade leaves can be related to a

number of factors, including leaf structure, N partitioning, hydraulic limitation and source

composition. For example, results from Chapter 4 indicate that sun needles are thicker

and have higher NMA than shade needles, which should result in photosynthesis being

limited more by diffusion in sun needles than shade needles. Furthermore, the nutrient

and reflectance results described above appear to indicate that shade needles have

relatively more N invested in light harvesting pigments, and less in Rubisco, than sun

needles. This should result in photosynthesis being limited more by carboxylation in

shade needles than sun needles. Additionally, because sun needles are exposed to higher

irradiances, they generally have higher leaf-to-air vapor pressure deficits, and their upper

canopy position probably results in greater hydraulic limitation (in spite of increased

vascular tissue) due to the difficulties inherent in transporting water up a tall trunk

(Kozlowski et al. 1991). Finally, Sternberg et al. (1989) have also demonstrated that it is

also necessary to consider the isotopic composition of the surrounding air when

interpreting foliar δ13C values. Sternberg et al. (1989) showed that understory or lower

canopy leaves generally have more negative δ13C ratios because air near the ground has

more negative δ13C than the well-mixed air at the top of the canopy. This is a direct result

of the fact that CO2stive �
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decomposing substrate. These factors should all contribute to shade needles having more

negative δ13C values than sun needles, which is what was observed in the present study.

The observation that δ13C is generally positively correlated with elevation can be

attributed not only to changes in the partial pressures of CO2 and O2 with elevation (due

to decreasing atmospheric pressure), but also to elevation-related changes in foliar

anatomy, morphology and physiology that are triggered by temperature (Körner et al.

1991, Hultine and Marshall 2000). For example, high elevation plants generally have

thicker leaves with higher mass to area ratios and greater carboxylation efficiency; higher

foliar Narea at high elevation could also increase photosynthetic capacity and contribute to

a lower intercellular/ambient CO2 ratio (Körner et al. 1991, Körner and Diemer 1994). In

the present study, there was no overall elevation trend in δ13C (Table 6.1, Figure 6.7), and

this may be related to the lack of significant trends in leaf thickness or Narea.
4 However,

the E×C interaction effect (Table 6.1) indicated that the response to elevation differed

between sun and shade needles. By taking the difference in δ13C between sun and shade

samples of each species at each site, any confounding variation among sites is effectively

controlled for. For both red spruce and balsam fir, the difference in δ13C between sun and

shade foliage converged towards zero with increasing elevation. This may be related to

the fact that that tree height is reduced at high elevation (Chapter 4), which could result in

less hydraulic limitation of sun needles at H compared to L. The anatomical and

                                                  
4 A contributing factor may be to the small difference in elevation between L and H (≈ 400 m),: based on
results from the literature (e.g. Körner et al. 1991), δ13C of L and H would be expected to differ by less than
0.5‰. O’Leary (1988) suggested not only that differences of this magnitude can be hard to detect, but also
that differences of less than 1.0‰ should be interpreted with caution, as they may not represent truly
significant differences. Within each species-crown position class, differences among elevations were
consistently less than 0.5‰, although for red spruce sun needles the direction of change in δ13C from L to
H was opposite to that which would be expected (δ13C became more negative, from -25.5‰ at L to -26.0‰
at H).
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morphological convergence of sun and shade needles at H (Chapter 4) may also play a

role in the δ13C E×C pattern.

Correlations of δ13C with anatomical, morphological, and other physiological

variables can be used to infer relationships between structure and function (Figure 6.8).

Although the results of Körner et al. (1991) suggest a positive correlation between δ13C

and palisade layer thickness, neither balsam fir nor red spruce have clearly-defined

palisade tissue, so it is not possible to make an exact comparison. However, epidermis

thickness, cuticle thickness, and vascular cylinder cross-sectional area were all positively

correlated with δ13C in both species. It is difficult to say whether these are functionally

significant relationships indicative of cause-and-effect, or arise as an indirect

consequence of the simultaneous variation in needle anatomy and δ13C between sun and

shade needles. For example, other things being equal, it would be expected that an

increase in vasculature might result in a lower δ
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decades (e.g. Hanson 1917, Larsen 1927), it has only recently become possible to

quantify the physiological effects.
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much more long-lived, than balsam fir. This difference in life history is thought to

contribute to the ability of these two species to coexist.

In Chapter 3, I presented results from meteorological studies along the elevational

gradient on each mountain. Both mean annual temperatures and air temperature lapse

rates showed a modest east-west trend. Mean annual temperatures were strongly

correlated with site elevation. Air temperature at treeline on Mt. Mansfield (13.7°C, July-

September mean) was slightly warmer than on the other two mountains, but this was
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published studies, and it was suggested that some (in particular, δ13C–needle mass to area

ratio) may hold generally across species.

There are four important messages from this research:

1) Niche breadth does not appear to be correlated with the capacity for sun/shade

plasticity. This suggests the hypothesis that it is genetic diversity that enables balsam fir

to tolerate a wide range of sites, whereas red spruce, which is thought to have very

limited genetic diversity, is thereby confined to a much more restricted ecological range.

2) Plasticity is decreased in a harsh growth environment. These results do not give

any indication whether this is a phenotypic or genotypic response, but if it is a genotypic

response, then this could constrain the ability of high-elevation trees to respond to climate

change.

3) Red spruce and balsam fir share similar ecophysiologies. This supports the idea

that, for these two species, niche differentiation occurs along a temporal or life-history

scale, rather than in terms of resource gradients. At high elevation, balsam fir and red

spruce coexist because they can both tolerate the extreme environment, and because of

their differing patterns of establishment, growth, senescence and regeneration.

4) When studying the foliar response to environmental gradients, focusing

exclusively on sun or shade leaves may give a biased view of the whole-plant response to

that gradient. Both the morphology and physiology results clearly demonstrated that the

response to elevation is different for these two extreme crown positions.

These results can be put in a more general context by considering that forests in

which spruce or fir (either individually or together) are important components are

common across virtually the entire temperate zone of the Northern Hemisphere (Liu











222

A) No effect: The overall mean for each species is the same AND the overall mean for

each environment is the same AND the species means in each environment are the

same.

B) S effect only: The overall mean for species 1 is different from the overall mean for

species 2, BUT the overall mean for environment A is the same as the overall

mean for environment B AND the difference between species is the same in each

environment.

C) E effect only: The overall mean for environment A is different from the overall mean

for environment B, BUT the overall mean for species 1 is the same as the overall

mean for species 2 AND the species means in each environment are the same.

D) Both S and E effects: The overall mean for environment A is different from the

overall mean for environment B, AND the overall mean for species 1 is different

from the overall mean for species 2, BUT the difference between species is the

same in each environment.

E) E × S interaction effect only. The overall mean for environment A is the same as the

overall mean for environment B, AND the overall mean for species 1 is the same

as the overall mean for species 2, BUT the species means in each environment are

different.

F) S effect and E × S interaction. The overall mean for species 1 is different from the

overall mean for species 2, BUT the overall mean for environment A is the same as

the overall mean for environment B, AND the species means in each environment

are different.
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G) E effect and E × S interaction. The overall mean for environment A is different from

the overall mean for environment B, BUT the overall mean for species 1 is the

same as the overall mean for species 2, AND the species means in each

environment are different.

H) S and E effects, and E × S interaction. The overall mean for environment A is

different from the overall mean for environment B, AND the overall mean for

species 1 is different from the overall mean for species 2, AND the species means

in each environment are different (not illustrated).
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Figure A1. Different outcomes in a two-factor (environment × species) experiment. See

text for interpretation.
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