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Xylem conducting tissue or sapwood is an important storage organ

for water, carbohydrates, and nutrients, and this storage helps trees

accommodate envirormiental change. However, the living ray parenchyma

cells in sapwood, which store the carbohydrates and nutrients,

require energy for maintenance. I examined how sapwood maintenance

costs vary among species, and how these costs change with tree growth

and stand development.

First, I explored how sapwood volume and leaf area, indices of

maintenance costs and net assimilation, varied with tree size among

three subalpine conifers (Engelmann spruce, subalpine fir, and

lodgepole pine). As trees grew in size and leaf area, sapwood volume

increased exponentially. The ratio of sapwood volume to leaf area

increased with tree size, indicating that maintenance costs were

greater in large trees, relative to leaf area. Lodgepole pine showed



the most rapid increase in sapwood volume with increasing leaf area,

suggesting storage capacity and sapwood maintenance are important

processes for this species.

Next, I measured stem growth and maintenance respiration for

Engelmann spruce and lodgepole pine. Stem maintenance respiration

was linearly related to spwood volume for lodgepole pine from 4 to

40 cm dbh and for Engelmann spruce from 0 to 20 cm dbh. Maintenance

respiration was not correlated with annual stemwood production or

phloein volume for either species, but stem respiration during the

growing season, corrected for maintenance, correlated well with

annual stemwood growth. Annual stem maintenance respiration for

trees and stands can be estimated using sapwood volume, sapwood

temperature and knowledge of respiratory behavior.

Finally, I examined a chronosequence of subalpine lodgepole pine

stands to test the hypothesis that the balance between photosynthetic

and respiring tissue changes with stand development. I predicted

that woody tissue respiration (particularly stem sapwood) would

increase with stand development and account for the majority of

observed decreases in stem growth. Leaf area and nutrient

availability indicated that carbon assimilation was similar for the

chronosequence, but stem growth decreased from 0.14 to 0.04 kg C ha1

y1. However, maintenance respiration of woody tissues in stems,

branches and coarse roots accounted for less than 40% of the decrease

in stem growth.
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Physiologists and ecologists have recently recognized the

possible importance of the small fraction of living cells scattered

throughout the water conducting sapwood of woody plants. These cells

store carbohydrates that may be used for new growth, repair, or

defense. The importance of these living cells increases with the

amount because these cells require carbohydrates for maintenance, and

maintenance costs increase exponentially with temperature. Large

trees may have especially high maintenance costs, since they contain

much sapwood.

Many measurements of stem respiration have ignored the importance

sapwood maintenance (Waring 1987). In addition, until recently,

there has been a lack of appreciation the respiration within

non-photosynthetic organs of plants is of two kinds: (1) respiration

associated with the construction of new cells and (2) respiration

associated with the maintenance of all living cells. Failure to

separate growth and maintenance respiration will yield incorrect

annual estimates of forest respiration and poor models.

Forests decline in net ecosystem productivity and relative growth

as they age and develop (O'Neill and DeAngelis 1981, Waring and

Schlesinger 1985, Pearson et al. 1987). Increased net autotrophic

respiration associated with changes in the balance between

photosynthetic and respiring tissue as woody biomass accumulates may

cause the patterns observed for growth (Yoda et al. 1965, Kira and

Shidea 1967, Kramer and Kozlowski 1979). This hypothesis has been

widely accepted, yet never adequately tested (Sprugel and Benecke, in

press).

Waring and Schlesinger (1985) and Waring (1987) suggest that the

decline in relative growth rate with stand development results from

increased costs of maintaining the living cells in sapwood in older,

larger stands. More rapid decline of relative growth rate in warmer
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climates lends support for this hypothesis. Additionally, Kaufmann

and Ryan (1986) observed that relative growth rates of three

subalpine conifers declined at very different rates with tree size

and age. They suggested that differences in sapwood area to leaf

area ratios for these species indicate differences in the rate of

change in sapwood maintenance costs with tree size. Relative growth

rates observed by Kaufmann and Ryan (1986) were consistent with the

sapwood maintenance hypothesis.

In this thesis, I examine the hypothesis that maintenance

respiration by the living cells in stem sapwood explains the observed

declines in net ecosystem productivity as forest stands grow. I

first examine how sapwood volume changes with tree size and tree leaf

area, and develop equations to estimate sapwood volume for trees and

stands. Next, I examine stem growth and maintenance respiration for

a growing season, determine its source and environmental constraints,

and develop methods for estimating annual sapwood maintenance costs.

Finally, I test the hypothesis directly by determining whether

changes in sapwood maintenance costs explain changes in stemwood

allocation for a chronosequence of lodgepole pine.

In chapter II, I examine how the relationship between sapwood

volume and leaf area changes with tree size, and develop allometric

equations to estimate sapwood volume. Sapwood volume can be

accurately estimated for trees and stands using the equations

developed. However, either sapwood cross-sectional area at 1.4 m

(bh) or crown length is necessary to adequately model sapwood volume.

I show that, for individual trees, sapwood volume increases

exponentially as leaf area increases for three subalpine conifers:

lodgepole pine, Engelmann spruce, and subalpine fir. This finding

suggests that sapwood maintenance costs should increase more rapidly

than carbon assimilation as trees grow in size and accumulate leaf
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area. Lodgepole pine showed the greatest increase in the ratio of

sapwood volume to leaf area with tree growth of the three conifers.

If sapwood maintenance respiration is an important component of the

carbon cycle, changes in allocation to sapwood maintenance with stand

development will be most pronounced for lodgepole pine.

To assess the importance of sapwood maintenance respiration, I

measured stem respiration for lodgepole pine and Engelmann spruce for

a growing season and after cessation of growth in the autumn. In

chapter III, I show that maintenance respiration for a unit of

surface area was linearly related to the amount of sapwood underlying

the surface. This linear relationship held for lodgepole pine trees

spanning 4 to 36 cm diameter at bh and for Engelmann spruce trees

less than 20 cm diameter at bh. Growth maintenance was linearly

related to the amount of annual growth for both species for all trees

measured. Both growth and maintenance respiration increased

exponentially with temperature from 0 to 23 °C, with a Qio of 2.1.

I also examine how sapwood temperature varies with air

temperature, to determine how to scale maintenance estimates to a

tree or stand. Sapwood temperature responded slowly to changes in

air temperature and buffered extremes. Maintenance respiration

estimated using mean daily air temperature was substantially lower

than maintenance respiration estimated from 15 minute sapwood

temperatures. A simple linear correction of air temperature provided

a robust model that accurately estimated daily sapwood maintenance

costs from sapwood volume and average daily air temperature.

In chapter IV, I use the sapwood volume equations developed in

chapter II and the model of sapwood maintenance respiration developed

in chapter III to estimate sapwood maintenance costs for a

chronosequence of lodgepole pine stands. I then compare changes in

sapwood maintenance costs with changes in allocation to stem growth.



Stands in the chronosequence had similar leaf areas, soil

nutrients, and available nitrogen, and thus, similar rates of carbon

assimilation. Allocation to stem growth in 233 year-old stands

declined to one-third the level of the 40 year-old stand. Sapwood

maintenance consumes an amount of carbon roughly equivalent to that

allocated to stem wood growth, particularly for older stands.

However, increases in allocation to sapwood maintenance explained

less than 40% of the decline. Structurally, sapwood volume increases

little with stand growth, once canopy closure occurs.



Chapter II

Sapwood volume for three subalpine conifers: predictive

equations and ecological implications

6



Abstract

Xylem conducting tissue or sapwood is an important storage organ

for water, carbohydrates, and nutrients; but, the living ray

parenchyma cells require energy for maintenance. I examined sapwood

volume for three subalpine conifers (Engelmann spruce, subalpine fir,

and lodgepole pine) in relation to tree size and leaf area. Sapwood

volume increases exponentially as leaf area increases, with the rate

of increase determined by the ratio of leaf area to sapwood

cross-sectional area. Lodgepole pine showed the most rapid increase

in sapwood volume with increasing leaf area, suggesting storage

capacity and sapwood maintenance are important processes for this

species. I also present simple equations for estimating sapwood

volume.

7



Introduction

Trees survive because of an ability to adjust to environmental

change over a very long lifetime. Several aspects of tree and forest

structure confer trees with this resiliency. Trees create an

environment more favorable to their survival by altering stand

microclimate, water, and nutrient relations for themselves and

competing organisms (Waring and Schlesinger 1985). As a canopy

develops, trees intercept light which could go to potential

competitors, allowing more resources to reach the overstory.

However, the enormous storage capacity in the sapwood of large trees

probably contributes much to their resiliency.

Sapwood of stems, branches, and roots can store water,

carbohydrates, and nutrients, and the large amount of sapwood in

temperate deciduous and evergreen forests makes sapwood the principal

storage organ. Old-growth Douglas-fir (Pseudotsuga menziesii

(Mirb.) Franco) forests can store the equivalent of 5-10 days

transpiration in sapwood (Waring and Running 1978). One-third of

daily transpiration in 40-year-old Scots pine (Pinus sylvestris L.)

comes from stored water in the sapwood (Waring et al. 1979).

Considerable amounts of fixed carbon is stored as non-structural

carbohydrate in the ray parenchyma cells in the sapwood (Kramer and

Kozlowski 1979). Deciduous trees store enough carbohydrate in

sapwood to completely replace the canopy a number of times

(McLaughlin et al. 1980), and storage in conifers may exceed annual

wood production (calculated from information in Kramer and Kozlowski

1979).

Little information is available about nutrient storage in

sapwood. However, Bamber and Fukazawa (1985) and Bamber (1976)

suggest that nutrients are translocated to sapwood as sapwood is

8
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converted to heartwood and Stark and Spitzner (1985) and Stark et al.

(1985) show that nutrient content of conifer xylem sap decreases

throughout the growing season, suggesting some nutrient storage

capacity.

Previous work on sapwood focused primarily on the estimation of

leaf area from sapwood cross-sectional area (for example, see

Whitehead et al. (1984), Dean and Long (1986), Espinosa Balancari et

al. (1987), Long and Smith (1988) for some recent papers and reviews

of the literature), and the conversion of sapwood to heartwood

(Bamber and Fukazawa 1985). Additionally, Long et al. (1981) showed

how sapwood and heartwood provide optimal mechanical and water

conductance support, and Yang et al. (1985) showed that sapwood

thickness was not related to growth rate or the number of annual

rings.

The cost of maintenance respiration to support the living ray

parenchyma cells balances the benefits of sapwood storage.

Respiration of woody tissues has been neglected in the literature

(Landsberg 1986), but preliminary calculations show that maintenance

costs associated with sapwood can be substantial (Waring 1987).

Information on sapwood volume will help assess the costs and benefits

of storage capacity.

To better understand the role of sapwood storage and its

associated costs, we need to know the extent which sapwood volume

varies among species and how it changes as trees grow. My objectives

are to document how sapwood volume changes with tree size and in

relation to tree leaf area. I will also develop regression

estimators of sapwood volume for three subalpine conifers using

sapwood area at bh (1.4 m) and other mensurational variables. Armed

with these allometric relationships and knowledge about the
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physiology and function of sapwood, we can investigate differences in

sapwood storage and associated maintenance respiration for stands of

various ages, structures, and species compositions.

l4ethods

I sampled trees from uneven-aged, mixed-species stands at the

Fraser Experimental Forest near Winter Park, Colorado, USA (N39° 54'

W105° 52'), where lodgepole pine (Pinus contorta ssp. latifolia

(Engeim. ex Wats.) Critchfield), Engelmann spruce (Picea engelmannii

(Parry) Engeim.) and subalpine fir (Abies lasiocarpa (Hook.) Nutt.)

often occur together in the Colorado subalpine zone from 2700 to 3100

m. The subalpine forests at Fraser have short growing seasons, cool

night temperatures, and abundant moisture throughout the growing

season (Alexander et al. 1985). The experimental forest receives an

average of 740 nun precipitation, with two-thirds falling as snow; the

annual average temperature is 2 C. Frost can be expected to limit

photosynthetic activity during the spring and autumn, but summer rain

storms keep humidity high during the growing season so that stomatal

closure associated with humidity deficits is rare (Kaufmann 1982).

However, nitrogen is low in the soil solution for lodgepole pine

forests (Fahey and Knight 1986) and may limit photosynthetic capacity

and above-ground growth. Soils are Typic Cryochrepts derived from

mixed gneiss and schist.

I harvested 15-16 dominant or co-dominant trees of each species

representing the normal range of tree size, and measured tree height

and length of the live crown. I removed 2-3 cm thick sections at the

tree base, bh (breast height, 1.4 m) and the base of the live crown

(defined as the middle of internode below first whorl that had at

least two live branches). Additional 2-3 cm sections were cut every
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2 ni between bh and base of the live crown, and every 2 m above the

base of the live crown. Sapwood was separated from heartwood by

illuminating the back of the thin stem sections for subalpine fir and

Engelmann spruce, or by staining the lodgepole pine with a ferric

chloride solution (Kutscha and Sachs 1962).

Sapwood areas were determined for the sections by measuring two

sapwood and heartwood diameters (longest diameter through the pith

and a diameter perpendicular to the first). I measured the diameters

to the nearest 1 nun, calculated total and heartwood cross-sectional

areas using the ellipse formula (Maguire and Hann 1987), and

estimated sapwood area by subtraction. For an initial sample of 15

sections, values estimated with this method were within 1% of those

measured with a digital planimeter.

An additional 12-14 trees per species used in a leaf area study

from the same site (Kaufmann and Troendle 1981) were incorporated

into my data set. Kaufmann and Troendle (1981) measured sapwood

cross-sectional area at bh, base of the live crown, and also at 1/3

and 2/3 of the distance between the tree top and crown base.

I estimated sapwood volume using formulas for a cylinder (tree

stump), neiloid frustrum (stump to bh), paraboloid frustrum (all

intermediate sections), and conic paraboloid (tree top). Volumes

were summed over all sections to yield tree sapwood volume (Husch et

al. 1982). To estimate how storage capacity or stem maintenance

respiration might change in relation to leaf area as trees grow in

size, I calculated the ratios of sapwood volume to actual leaf area

for the trees of Kaufmann and Troendle (1981) and sapwood volume to

leaf area estimated from the equations of Kaufmann and Troendle

(1981) for all trees. I also estimated leaf area with the equations

of Long and Smith (1988) to assess the effect of a non-linear

relationship between sapwood cross-sectional area and tree leaf area.
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I developed two equations to estimate sapwood volume for each

species by modifying an equation commonly used to estimate stem

volume (Husch et al. 1982). One equation included sapwood

cross-sectional area at bh and the other equation substituted crown

length as a surrogate for sapwood cross-sectional area. Coefficients

were estimated using linear regression. I examined the effect of

pooling samples from this study and the study of Kaufmann and

Troendle (1981) using a general linear model. Separate models did

not explain significant (p > .05) additional variation over the model

with pooled data, so the equations were fit using the combined data

sets. Analysis of covariance tested differences among species in the

relationship between tree size and the amount of sapwood volume

supported per unit of tree leaf area.

Results

Plots of relative height above bh ((section height - 1.4

m)/(total height - 1.4 m)) versus relative sapwood area (sapwood area

of section/sapwood area at bh) allow comparisons of sapwood taper

among species and for trees of different sizes (fig. 1). Sapwood

area decreased uniformly for the two shade-tolerant conifers

(subalpine fir and Engelmann spruce), while sapwood taper for

lodgepole pine decreased slowly below the base of the live crown at a

relative height of about 0.5. Sapwood taper was more uniform for

Engelmann spruce and subalpine fir than for lodgepole pine. Most

trees showed sapwood area decreasing monotonically from tree base to

top, but a few trees of each species showed minor (<10%) sapwood

bulges.
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The ratio between sapwood volume and total leaf area is an

estimate of the empirical derivative or instantaneous rate of change

of the relationship between the two variables. For all three

subalpine conifers, this ratio increases at a constant, linear rate

as stem diameter increases (fig. 2a, 2b). The rate of increase with

tree size differed among species (p < 0.01) regardless of whether

actual or estimated leaf area was used in the denominator. For

estimated leaf area, all regression slopes between sapwood

volume/leaf area and stem diameter differed significantly (fig. 2a, p

< .01). For actual leaf area, the slope for Engelmann spruce did not

significantly differ from subalpine fir (p = .065), but other species

combinations were significant (fig. 2b, p < .05).

Because stem respiration is often expressed per unit of stem

surface area, I also examined how stem surface area varied as tree

leaf area and tree size increased. The stem surface area to total

leaf area ratio did not vary significantly with tree size for

Engelmann spruce (p = .99) or subalpine fir (p = .10). Surface area

per unit of leaf area did increase with tree size for lodgepole pine

(p .04), but correlation with diameter was weak (R2 = .28). Use of

the equations of Long and Smith (1988) to estimate leaf area for

lodgepole pine did not change the relationships among leaf area,

sapwood volume, and tree size. However, their equations

substantially underestimated the actual leaf area measured by

Kaufmann and Troendle (1981).

Simple equations efficiently estimated sapwood volume for the

sample trees (Tables 1 and 2). These equations are:

SV B1* (D2 * H) + B2 * (SA * H)

and,

SV = B1* (ID2 * CL)
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where, SV sapwood volume in m3, D tree diameter at bh in cm, H

total tree height in m, CL = length of live crown in m, SA = sapwood

area at bh, and B1 and B2 are species specific regression

coefficients. Regressions were forced through the origin, because

the intercepts were rarely significant and never substantial. R2

values for the zero-intercept models were calculated as (Schmidt

1976):

I
R2 - 1

SSTOjO, )

The addition of other variables common in forest inventory to

equation [2] accounted for significant additional variance, but the

equations were not consistent among species. Therefore, table 2

gives the simplest consistent form. Average density of sapwood from

similar lodgepole pine trees is .42 g cm3 and .35 g cm3 for

Engelmann spruce (Chapter III) and these factors can be used together

with the equations in tables 1 and 2 to estimate sapwood dry weight.

Discussion

Tree growth changes the relationship between the tree's

photosynthetic machinery and sapwood volume, indicating potential

shifts in carbon allocation and water and carbohydrate storage.

Large trees have more water and carbohydrate storage capacity but

require more energy for maintenance respiration relative to their

ability to fix carbon than do small trees. This occurs because

sapwood volume relative to leaf area and decreasing marginal energy

capture both contribute to differences between small and large trees.

[3]
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According to the pipe model theory (Shinozaki et al. 1964, Waring

et al. 1982) leaf area is related to the cross-sectional area of the

conducting xylem. Differences in the amount of foliage supported per

unit of sapwood cross-sectional area explain relationships among

sapwood volume, leaf area, and tree size for the three conifers.

Kaufmann and Troendle (1981) show that one cm2 sapwood at bh supports

.18, .32, and .75 m2 leaf area for lodgepole pine, subalpine fir, and

Engelmann spruce, respectively. Because lodgepole pine supports

little leaf area per unit sapwood cross-sectional area, sapwood

volume relative to leaf area increases rapidly with tree size. In

contrast, subalpine fir maintains a large leaf area per unit sapwood,

and sapwood volume relative to leaf area changes little as trees grow

in size. Non-linearity in the relationship between leaf area and

sapwood area at bh reported by Dean and Long (1986) and Long and

Smith (1988) has little effect on these geometric relationships.

Differences in the relationships among sapwood volume, leaf area,

and tree size may explain the differences in relative growth rate

observed by Kaufmann and Ryan (1986). They reported that stemwood

growth per unit leaf area decreased rapidly for the first 100 years

for lodgepole pines growing at the same location as this study.

Relative growth rates of Engelmann spruce, subalpine fir, and

lodgepole pine after 100 years were similar. Since mature stands of

spruce and fir normally carry over twice the leaf area of lodgepole

pine (Kaufmann et al. 1982), and since photosynthetic rates are

similar for the three conifers (Smith 1985), similar relative growth

rates indicate that larger lodgepole pine grow stemwood very slowly

compared with the spruce and fir. Sapwood volume per unit leaf area

increases most rapidly for lodgepole pine, and hence, costs of

maintenance respiration should also increase rapidly (Waring and

Schlesinger 1985). Increased maintenance costs may divert carbon
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from stem growth (Waring 1983) as the lodgepole pine increases in

size, and yield a low relative growth rate. Because sapwood volume

and leaf area remain in closer balance for Engelmann spruce and

subalpine fir, maintenance costs should change little with tree

growth.

Small leaf area to sapwood area ratios may provide redundancy

needed to avoid damage from cavitation of water in tracheids, and

also yield large water storage capacities. Sapwood water storage

also contributes to drought avoidance (Lassoie et al. 1985).

Therefore, lodgepole pine tolerates drought partially because of a

conservative leaf area to sapwood area balance. In contrast,

Engelmann spruce and subalpine fir require moist sites to survive, to

be expected from the high leaf area to sapwood ratios and associated

relatively low storage capacities.

Sapwood tapered to 70-80% of its bh value at the base of the live

crown for the trees in this study. Maguire and Hann (1987) report

that taper models fitted to data for Douglas-fir estimate a taper of

397L% from bh to crown base. Yang et al. (1985) and Long et al.

(1981) show little sapwood taper (<20%) for jack pine and

Douglas-fir, respectively. All three studies show that sapwood does

not always decrease monotonically, but sometimes "bulges",

particularly below the crown.

Sapwood volume and leaf area are inextricably linked through

their mutual relationship with xylem conducting area. Large trees

have more sapwood volume per unit of leaf area than small trees, and

consequently can store more water, carbohydrates, and nutrients.

However, large trees have potentially greater maintenance costs.

Simple structural analyses may help explain observed patterns in

growth rate and drought tolerance in a given environment.
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Table II. 1. Sample statistics, estimates of coefficients, and
goodness-of-fit statistics (SEE = standard error of the estimate, R2
= adjusted coefficient of determination) for equation [1].

pine

Species Mean SD n Bi B2 SEE

Engelmann

spruce

.372 .548 29 7.12E-6 3.08E-5 .037 .995

Subalpine

fir

.117 .170 27 2.23E-6 3.59E-5 .015 .992

Lodgepole .309 .409 30 4.39E-6 4.42E-5 .055 .982
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Table II. 2. Estimates of the regression coefficient, and
goodness-of-fit statistics (SEE = standard error of the estimate, R2

adjusted coefficient of determination) for equation [2}.

Species SEE R2

Engelmann

spruce

2.37E-5 .091 .97

Subalpine

fir

8.72E-6 .034 .96

Lodgepole 2.29E-5 .133 .89
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Chapter III

Growth and Maintenance Respiration in Stems

of Pinus con torta and Picea engelmannhi
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Abs tract

Stem maintenance respiration was linearly related to sapwood

volume for lodgepole pine from 4 to 40 cm dbh and for Engelmann

spruce from 0 to 20 cm dbh. Maintenance respiration was not

correlated with annual stemwood production or phloem volume for

either species, but stem respiration during the growing season,

corrected for maintenance, correlated well with annual stemwood

growth. Annual stem maintenance respiration for trees and stands can

be estimated using sapwood volume, sapwood temperature and knowledge

of respiratory behavior.

Total respiration (growth plus maintenance) estimated using stem

growth and a model of maintenance respiration was compared with

actual respiration measurements integrated over the growing season.

Estimated respiration agreed with the integrated measurements for

Engelmann spruce, but overestimated the integrated measurements by

65% in lodgepole pine. These results suggest that estimates of stem

respiration made during the growing season may be affected by

transpiration.
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Introduction

Sapwood in the stems and branches provides storage of water,

nutrients, and carbohydrates that helps trees survive in a

fluctuating environment. Sapwood water storage helps conifers avoid

drought (Waring and Running 1978, Waring and Franklin 1979), and

maintain stomatal function (Waring et al. 1979). Carbohydrate

reserves in the ray parenchyma cells of sapwood build new roots and

leaves (McLaughlin et al. 1980) and help trees survive insect

outbreaks (Waring and Pitman 1985). Carbohydrate storage in conifers

exceeds annual stemwood production (calculated from information in

Kramer and Kozlowski 1979).

Maintaining the living ray parenchyma cells in sapwood is a cost

that balances the benefits of sapwood storage. Sapwood in conifers

contains 6-10% living ray cells (Panshin and de Zeeuw 1970) and the

energy required to support these cells can be considerable. Stem and

branch respiration is an important component in the carbon balance of

trees and forests (Kinerson 1975, Sprugel and Benecke In Press,

Benecke and Nordmeyer 1982), but has received little attention

(Landsberg 1986).

Many factors may influence the rate of respiration by woody

tissues (Kramer and Kozlowski 1979). These include temperature

(Linder and Troeng 1981, Rook and Corson 1978, Butler and Landsberg

1981), physiological activity (Wanner and Tinin 1986, Negisi 1972,

1981, Edwards and McLaughlin, 1978), and nutrition (Kramer and

Kozlowski 1979). CO2 evolution is much higher in actively growing

stems (Linder and Troeng 1981, Butler and Landsberg 1981, Kinerson

1975, Zabuga and Zabuga 1985), because of growth respiration.
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Respiration can be divided into two functional components:

construction (growth) respiration and maintenance respiration (McCree

1970). Growth respiration refers to CO2 evolution from processes

generating energy for the synthesis of plant dry matter. Maintenance

respiration is the CO2 evolution from maintenance processes within

the cell including protein turnover, the maintenance of ion and

metabolite gradients, and physiological adaptation to a changing

environment (Penning de Vries 1975). While the two processes may

produce distinct end products, the carbon dioxide evolved is not

biochemically distinct. Energy used for transport of sugars is not

included in this dichotomy, but can be assigned to growth.

Growth respiration is proportional to the growth increment

(adjusted for chemical composition (Chung and Barnes 1977)), while

maintenance respiration is a function of the mass of living tissue

adjusted for protein content. Total respiration may then be

expressed as:

R = a + b V

where W = living biomass, a and b are partitioning coefficients

(Landsberg 1986). Growth respiration for a growing season is

independent of temperature, while annual maintenance costs increase

exponentially with temperature (Landsberg 1986). Maintenance

respiration may be very important for trees because of the large

amount of respiring biomass in the stem, roots, and branches, and the

sensitivity of this process to temperature. Despite the potential

importance of maintenance respiration for trees, little work has been

done in this area (Sprugel and Benecke, In press).
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Several methods have been used to isolate growth and maintenance

components of respiration in crop plants (Amthor 1984, Lambers et al.

1983). However, most of these methods involve manipulations of

photosynthesis and respiration that would be extremely difficult to

apply to large trees in the field. Generally, maintenance respiration

for woody tissues of trees has been estimated from respiration while

the tree is not growing (Butler and Landsberg 1981). However, these

estimates of maintenance respiration may not apply throughout the

growing season, since maintenance respiration rates can vary with the

plant growth rate (McCree 1982), perhaps because of higher turnover

of enzymes in the growing season. In another approach, Penning de

Vries (1975) has estimated the cost of maintenance processes based on

protein and lipid turnover rates and ion fluxes.

Stem respiration is usually expressed as flux per unit of stem

surface area (Landsberg 1986), because of the high respiratory rates

of the cambium and phloem. Goodwin and Goddard (1940) showed that

oxygen consumption of excised tissue was highest in differentiating

xylem cells adjacent to the cambium, less in the cambium and phloem,

and lowest in the xylem. A low respiration rate in the xylem is a

consequence of the low density of parenchyma ray cells, the only

living cells. In large stems, the volume of living cells in the

sapwood may surpass that of the cambiutn and phloem. Therefore, in

large stems, maintenance respiration may be more closely related to

sapwood volume than to surface area.

The objectives of this study were 1) to estimate growth and

maintenance respiration for stems of lodgepole pine (Pinus contorta

ssp. latifolia (Engelm. ex Wats.) Critchfield) and Engelmann spruce

(Picea engelmannii (Parry) Engelm.), 2) to determine the source of

the respiratory CO2 in the maintenance phase- - sapwood or

phloem/canibium, 3) to determine whether instantaneous and seasonal



growth respiration is related to annual stemwood growth, 4) to

determine whether stem respiration rates vary with tree age, and 5)

to develop simple equations to estimate the annual cost of stem

maintenance respiration.

Methods

Study Area

The study was conducted at the Fraser Experimental Forest near

Fraser, Colorado, USA (N39° 54' W105° 52'). Long, cold winters and

short, cool summers characterize the climate at the experimental

forest. An average of 740 nim precipitation falls each year, with

about two-thirds as snow. The average monthly temperatures for

January and July are -10 °C and 13 °C; annual average temperature is 2

°C (Alexander et al. 1985). Frost may limit photosynthetic activity

during the spring and autumn, but summer rain storms and cool

temperatures keep relative humidity high during the growing season so

that stomatal closure associated with humidity deficits is rare

(Kaufmann 1982). However, nitrogen is low in the soil solution for

lodgepole pine forests (Fahey and Knight 1986) and may limit

photosynthetic capacity and above-ground growth. Soils are Typic

Cryochrepts derived from mixed gneiss and schist.

For each species, I selected twelve trees varying in size from

about 4 cm to greater than 40 cm diameter at 1.4 m (bh) for

measurements of stem respiration. These trees differed in age,

growth rate, fraction of basal area in sapwood, and in the ratio of

sapwood volume to stem surface area. The lodgepole pine trees grew

in three adjacent even-aged stands (40, 62, and 233 years old) at

2800 m elevation. I selected Engelmann spruce trees from an
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uneven-aged, mixed-species stand at 2750 m elevation. Selected trees

had uniform crowns, were dominant or co-dominant, and had no defect

or rot in the lower 4 m section.

Gas Exchange Measurements

Two chamber types were used for gas exchange analysis, one type

for trees with dbh less than 10 cm and one for larger trees. For the

smaller trees, two closed-cell neoprene foam collars surrounded the

stem and a split plexiglass chamber sealed the stem segment from the

surrounding air. An aluminum chamber plate (10 x 25 cm) with

neoprene facing was attached to each larger tree using rope caulk. A

plexiglass chamber placed over the neoprene seal on the chamber plate

isolated the interior from the outside air. A small fan stirred the

air inside of the chamber for the larger trees, and a

copper/constantan thermocouple measured chamber temperature.

Chamber plates and foam collars were attached to the east side of

the trees in May and June, 1988 and remained attached until the trees

were harvested in October. All trees had plates or collars attached

at 1.8 m, and three trees (approximately 8, 24, and 36 cm dbh) had

additional collars or plates attached at 3.5 m. I inserted a

copper-constantan thermocouple 2 cm into the sapwood of each tree

near the chamber plate or foam collar to measure sapwood temperature.

Surface area covered by the chambers was 264 cm2 for trees greater

than 8 cm dbh, 246-291 cm2 for the small spruces, and 267-377 cm2

for the small pines.

CO2 efflux from stems was measured using one of two procedures,

an open system with an infrared gas analyzer or a closed system using

stored samples analyzed with a gas chromatograph. Mid-summer growth

respiration and all maintenance respiration was measured with an open

system (Long and Hallgren 1985) with air flow between 250-300 i-imol
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s1 (Analytical Development Company ADC ASUM) and an infrared gas

analyzer (Analytical Development Company ADC LCA2) operating in

differential mode. The LCA2 was calibrated daily with a primary

standard CO2 mixture (Matheson). Stem respiration elevated CO2

concentration 35-250 pinol mo11 for growth measurements and 10-40 pmol

mol1 for maintenance measurements.

The remaining growth respiration measurements were taken using a

closed system. I purged the chamber with ambient air at 3 mmol s1-

for 120-180 s after the chamber was attached to the tree. The

chamber was then sealed from the outside air, and a sample of chamber

air (15-20 ml) withdrawn and placed into laboratory evacuated ( >99%

of air removed) glass tubes. After a measured period of time (3-5

in), a second sample was removed and stored. CO2 concentration was

measured by gas chromatography with an ultrasonic detector using a

system designed by Moser and Mack (1980). Typical precision for this

system was +/- 2 ppm CO2. CO2 flux was calculated from the

difference between initial and final concentrations and closure time

and adjusted for barometric pressure and chamber temperature. Well

mixed air at the sampling site ( 239 pinol mol1-, SD = 3.8) was used

as a standard. The two methods produced comparable respiration

estimates.

Respiration was sampled on May 12; June 18; July 3, 4, 26; August

5, 19; September 17, 23; and October 6 for the pine, and June 18;

July 5, 28; August 6, 18; September 17, 22; and October 5 for the

spruce. Maintenance respiration was estimated as CO2 efflux when

trees were not actively growing. To determine the cessation of

growth, stainless steel pins were inserted into the trees during the

August and September sample periods. The pins wounded the cambium,

causing wound parenchyma to form and disrupt the normal growth

pattern of the xylem (Wolter 1968). Growth after pin insertion was
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determined by examining microtome sections. All respiration measured

in September and October was maintenance, since active growth had

ceased for most trees by August 19. On most sampling dates, all

lower chambers were sampled twice (morning and afternoon), and three

chambers per species (lower chambers on trees 12, 24, and 36) were

sampled five times to estimate the respiration-temperature

relationship. Occasionally, weather forced modification of this

sampling scheme.

Respiration is expressed as mol l per unit of sapwood volume

for maintenance. Sapwood volume was assigned to the chamber by

multiplying sapwood volume for the cylinder underneath the chamber by

the ratio of the chamber arc to the total circumference. Respiration

during growth was expressed as mol l per unit of chamber surface

area or per gram dry weight of annual growth after subtracting

maintenance respiration estimated using sapwood volume and

temperature.

Independent Variables

Trees were harvested and 2 cm slices were removed from the stem

at the top and the bottom of the chamber. Sapwood and heartwood

radii were measured to the nearest 1 mm at four locations for each

slice: either side of a diameter through the center of the tree and

intersecting the chamber, and either side of a diameter normal to the

first. Phloem and one-year radial growth were measured to 0.1 mm for

three cores extracted from the top, middle, and bottom of the chamber

locations. I calculated areas using the ellipse formula and sapwood

volumes for the chamber section using average area and chamber

height. Growth volume was determined by multiplying average radial
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growth in chamber by chamber surface area. Short (25 - 60 nun) cores

of recent sapwood (three per chamber) were dried and weighed to

estimate density of newly produced wood.

I estimated the volume of parenchyma ray cells in the sapwood and

phloem of the three trees per species monitored intensively for CO2.

After the final respiration measurement in October, three 5 nun

diameter cores were taken from the top, middle, and bottom of each

chamber location and placed inunediately into a 1% aqueous triphenyl

tetrazolium chloride solution. Dehydrogenase in the cytoplasm of

living cells reacts with the tetrazoliuni solution to form a red

insoluble compound (Feist et al. 1971). I estimated ray cell area of

thin, freehand tangential sections (3 per core, 3 fields per section)

using an equal-area dot grid at 150 x. Ray cell area of 25 pm

microtome sections was used to check the freehand sections.

Statistical Analysis

Linear regression was used to relate respiration to the

independent variables growth and sapwood volume, for the growth and

maintenance periods, respectively. Because the respiration for each

data point is a function of both biomass and temperature, and because

temperature was not controlled, I fit separate linear regressions for

each species and sample period. I used analysis of covariance (SPSS

MANOVA, Nie and Hull 1981) to test for differences between species in

the slope of CO2 flux with growth or sapwood volume. Separate tests

were run for the most stable growth and maintenance measurements.

I fit a nonlinear model to selected maintenance measurements

using a Gauss-Newton nonlinear algorithm:

Rm(10+1.V).p2T [2]



where, Rm is maintenance respiration in ninol CO2 s1, SV is sapwood

volume in cm3, and T is temperature in degrees C. R2 for the

nonlinear regression was calculated as (Schmidt 1976):

(SSResduuLR21
SSToai )

Differences in live cell content between species and wood density

among trees were assessed with analysis of variance. Significance

level for all tests was a = 0.05.

Temperature Modeling

To estimate sapwood temperature from air temperature, I

intensively monitored the sapwood temperature of two large lodgepole

pine trees (one tree near the trees measured for respiration, and one

in a similar stand at 3200 m elevation). I installed

copper-constantan thermocouples 3 cm into the sapwood of each tree at

1, 5, 9, and 13 in above the ground. Doubly shielded thermocouples

measured air temperature at the same heights. Thermocouples were

connected to a data logger (Campbell CR21X) in a standard weather

shelter near the monitored trees. Instrument height in the shelter

was 1.7 m, and the logger read sapwood, air, and shelter temperatures

each minute and recorded the average every 15 minutes. Trees were

monitored June to October, 1987; I recorded 92 days of temperature

information at the high elevation site and 125 days at the lower

elevation site.

I used equation [2] and fifteen-minute sapwood temperatures to

compute an estimate of daily respiration:

R1 = [4]

36
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where A1 is a scalar representing living biomass and maintenance

respiration at zero °C and T1 is the fifteen-minute temperature for

time period i. Because midrange temperature (maximUfll+miflimuill/2) is

often the only temperature available in long-term weather records, I

compared estimates of daily respiration from equation [4] to

estimates derived using equation [5] and midrange air temperature for

the shelter and the four locations outside the trees:

R296 Ai.e2TM [5]

where TM is midrange air temperature.

Results

Maintenance Respiration - Pine

Maintenance respiration (Rm) for the main stem of lodgepole pine

was a linear function of sapwood volume (fig. 1). Since surface area

was constant for all chambers except for the two smallest trees,

sapwood, not phloem or cambium, accounted for differences in

respiration. Neither annual dry matter production nor phloeni volume

contributed significantly to this relationship. The slope and

precision of the sapwood volume-respiration relationship varied with

temperature regime (table 1); higher slopes were associated with

higher temperatures and the relationship was less precise when

measurements were taken over a wider range of temperatures. Two

trees (28 and 40 cm dbh) had consistently low (.5x) respiration for

their sapwood volume. These trees were the only study trees infected

with mistletoe and I eliminated them from the analysis of Rm.
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Measured Rm did not reflect instantaneous sapwood temperature.

used instantaneous sapwood temperature for actual trees, and 1-, 2-,

3-, and 4-hour average temperature of the 1 m sapwood thermocouple of

the tree monitored for temperature modeling as temperature estimates

in equation [2]. One-hour temperature gave the best fit to the three

trees monitored 5 times per day and to all data combined. However,

one-hour temperature did not explain the variability in respiration

for those periods when the temperature changed rapidly or when

respiration measurements were made over periods exceeding 3 hours.

The relationship between sapwood temperature, sapwood volume, and

Rm appeared to change between the September and October measurements

(table 1). Because of this apparent shift in Rm, equation [2] fit

the complete set of pine Rm measurements poorly (R2 = .65), and the

exponential coefficient gave a Qlo of 1.5. Equation [2] fit the

October Rm measurements very well (f3oO.917,i3IO.0029O.132O.O74O, R2

0.92), with a Qio of 2.1. The intercept (130) was important when

modeling respiration of sapwood under the chamber, but may be

inappropriate for scaling to the much larger sapwood volume in trees

and stands. A zero intercept model also fit October Rm measurements

well (130=0,131=0.00416,132=0.0665, R2 0.96).

Maintenance Respiration - Spruce

For Engelmann spruce, sapwood volume significantly estimated

maintenance respiration only for the morning sampling on day 278

(fig. 2). Respiration measured for larger trees responded very

slowly to sapwood temperature change (fig. 2), but trees less than 20

cm in diameter generally responded to temperature increases

predictably (table 2). Neither annual dry matter production nor

phloem volume explained significant additional variation in Rm.

Because of the large variability in the spruce respiration



measurements, I did not fit the data to equation [2]. Regression

slopes for the relationship between Rm and sapwood volume were not

significantly different between Engelmann spruce and lodgepole pine

for the October morning samples (p = .89).

Live Cell Volume

Average volume of living ray parenchyma cells in xylem differed

significantly among species (5.0% for pine, 5.7% for spruce, p < .01)

and among trees within species (p = .03). Differences among trees

within species were not substantial and were greater for pine than

for spruce. Volume of living parenchyma in phloem was 7.4% for pine

and 8.4% for spruce; these means were not significantly different (p

= .10).

Growth Respiration

Instantaneous CO2 flux from growing lodgepole pine and Engelmann

spruce stems (corrected for sapwood maintenance) estimates

construction respiration (Re). For most samples taken during stem

growth, Rc was linearly related to annual dry matter production

(figs. 3 and 4). Regression slopes varied among species and sampling

periods (tables 3 and 4), with greater slopes at higher temperatures.

Goodness-of-fit statistics showed that annual growth estimated R

better for periods where temperatures were warmer. Sapwood volume

and annual dry matter production were not correlated for these trees

(p = .63 for pine; p .91 for spruce), and R was not correlated

with sapwood volume for any species or sample period during tree

growth. In mid-summer (July 3-5), Engelmann spruce trees had higher

R per unit of annual growth than did lodgepole pine, but this

species difference was not significant (p = .06). Specific gravity

of sapwood differed between the species (.35 g cm3 for spruce, .42 g

cm3 for pine, p < .01) and among trees within species (p < .01).

39
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Correction of volume growth for actual specific gravity increased R2

for the regressions estimating Rc from annual stem growth by about

.06.

Actual CO2 flux increased exponentially with temperature with a

Qlo of about 2, but the total response varied with the physiological

state of the tree (figs. 5 and 6). Total measured respiration

(growth plus maintenance- -Rt) was higher for 15 - 25 °C temperatures

during July than for the same tempertures during June or August.

I compared measured respiration integrated over a 100 d growing

season with Rm estimated from sapwood volume and construction

respiration (Rc*) estimated as a constant fraction of annual dry

matter growth (0.28 g C per g C constructed). Rc*+Rm was roughly

equivalent to Rt for Engelmann spruce, but substantially

overestimated Rt for lodgepole pine (table 5).

Temperature Modeling

Sapwood temperatures differed substantially from air temperatures

probably because of the large heat capacity of stems (fig. 7). Mean

daily temperature was statistically identical for all four

thermocouple locations within a tree (AOV, p .72, lower tree), so

sapwood temperatures were averaged. Sapwood of both trees showed

similar responses to air temperature so data were combined for

subsequent analyses.

Respiration predicted using equation [5] and shelter midrange

temperature (R2) was substantially different from respiration

estimated using equation [4] integrated over all fifteen-minute

sampling periods (R1). A plot of the residuals (R1-R2) versus

temperature showed that R2 always underestimated R1, and the bias

increased exponentially with increasing temperature (fig. 8).
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Daily respiration can be estimated without bias using a linear

transformation of the midrange shelter temperature. The

transformation is derived by calculating the temperature (Ti) which

would give R2=R1 in equation [5] (rearrange equation [5], substitute

R1 for R2 and solve for T). YR is linearly related to midrange

shelter temperature (R2 = .93, fig. 9). Substitution of

TR-O.46+l.l3TM for TM in equation [5] gives unbiased estimates of

R1.

The same approach can be used to evaluate predictions based on

longer periods. I sununed R1 over periods of 5, 10, and 30 days,

estimated T and compared YR with TM The percent error in R2

(20-40%) remained constant as the length of aggregation period

increased, but the precision decreased. R2 for the relationship

between TR and TM decreased from .93 for 1 day to .85 for 5-day, .79

for 10-day, and .46 for 30 day periods.

The effect of fall and winter temperature regimes on prediction

of R1 was evaluated by subtracting 10 °C from all temperature

readings. Slopes for the relationship TR=1O+I1TM were not

significantly different between the normal and minus-ten data sets.

Discussion

Maintenance respiration is the ecologically interesting component

of stem respiration, because it varies exponentially with

temperature. Growth respiration is a fixed cost per unit dry matter

built (assuming chemical constituency is the same (Penning de Vries

1975, Chung and Barnes 1977)), therefore environmental differences

will not affect this component. Knowledge of maintenance respiration
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costs will allow prediction of carbon allocation patterns for species

growing in different physiographic locations, as forest stands

develop, and in response to global warming.

Sapwood volume was the best estimator of stem Rm, and neither

annual growth nor phloem volume explained significant additional

variation. Since phloem contained less than 20% of the living cells

in the tree stems, phloem contributed little to stem Rm. However, Rm

per unit live cell may be greater in phloem if the phloem cells

contain higher levels of enzymes. Sprugel1 found that Rm for

stemwood of young Abies amabilis was also related to sapwood volume.

Annual Rm costs associated with sapwood can be reasonably

estimated using equation {2], at least for lodgepole pine. Pine

results showed that Rm of sapwood did not vary with tree age or

growth rate and that live cell contents were relatively constant

within a species. Therefore, Rm was effectively a linear function of

live cell content (Havrenek 1981). Rm by sapwood was likely the

reason Kinerson (1975) reported a poor correlation between stem

surface area and respiration of dormant stems. Increased Rm in Abies

balsamea with thinning found by Lavigne (1988) may also result from

larger sapwood volumes in trees from thinned stands.

Annual budgets of stem respiration constructed using surface area

rather than sapwood volume plus growth may under- or over-estimate

Rm. For example, I estimated daily respiration for 15 lodgepole pine

trees for which I had detailed information about sapwood volume and

surface area (Chapter II). The ratio of Rm estimated from surface

area to Rm estimated with sapwood volume varied from .73 to 1.83.

Using sapwood volume is especially important when estimating Rm for

larger trees.

1 Sprugel, D. 1988. Components of woody-tissue respiration in young
Abies amabilis trees. Submitted to Oecologia.
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Rm estimated using equation {2] for lodgepole pine may

underestimate true costs. Rm rate appeared to decrease throughout

the fall maintenance measurements, and a higher rate in the summer

(when higher enzyme activities are higher (Kramer and Kozlowski

1979)) seems likely. High summer temperatures promote most of the

annual maintenance costs. Holthausen and Caidwell (1980) showed that

Atriplex required almost twice as much energy for maintenance at a

given temperature in May than for September.

Two lodgepole pine trees infected with mistletoe had very low

maintenance rates for their sapwood volume, but growth respiration

measurements were unaffected. Wanner and Tinnin (1986) found that

dark respiration rates (presumably mostly maintenance) of twigs

infected with mistletoe were significantly lower than uninfected

twigs. Lower maintenance rates probably occur in mistletoe-infected

trees because mistletoe lowers carbohydrate reserves and lessens the

need for enzymes used to convert starches to sugars. Infected trees

expend less carbon, but low Rm rates may only indicate a carbohydrate

deficient tree.

Negative values for pine growth respiration do not indicate stem

photosynthesis, since these stems had sufficient bark to block light.

The discrepancy between Rt estimated from measurements and Rt

estimated from annual growth and Rm for lodgepole pine indicates that

stem respiration measurements taken during the growing season may

severely underestimate true respiratory costs (table 5). Removal of

CO2 by the transpiration stream of actively transpiring trees may

prevent CO2 from diffusing to the bark and may account for the

discrepancy. Kimmerer (personal communication) working with excised

stems observed apparent changes in stem respiration that varied with

the xylem water flux. Removal of CO2 by the transpiration stream may

also account for the lower stem respiration rates found in
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water-stressed Pinus densi.flora trees by Negisi (1978), and may

explain temperature independent diurnal variation in stem respiration

found by Negisi (1972, 1975) and Edwards and McLaughlin (1978). Rm

measurements taken in the fall when low soil and air temperatures and

high relative humidity lower transpiration should be unaffected by

this phenomenon.

Thick spruce bark (1-3 cm) and phloem probably resisted CO2

diffusion greater than the thinner bark of young spruce trees and

lodgepole pine (< 1 cm). Slow diffusion of CO2 might explain the

patterns I observed for spruce Rm: a linear relationship with sapwood

volume for the smaller trees with thinner bark and extremely variable

rates for the larger trees. Measured respiration for the larger

trees may have been completely uncoupled from sapwood temperature

because of slow diffusion rates. The lack of increase in Engelmann

spruce (> 20 cm dbh) Rm with increasing sapwood volume is likely

caused by interference with CO2 evolution, not changes in the

fundamental relationship between Rm and sapwood volume.

Growth respiration results agree with those found by Zabuga and

Zabuga (1986), Lavigne (1988) and Sprugel-. Variation in seasonal

growth respiration corrected for temperature was found by Linder and

Rook, but not by Lavigne (1987). Lavigne (1987) attributes

differences between respiration rates in thinned and unthinned stands

to differences in temperature regime, but these differences are

probably caused by higher growth rates in thinned stands.

Conclusions

Stem Rm is linearly related to sapwood volume for lodgepole pine

and Rm rates may vary seasonally. Instantaneous stem Rg is related



to annual dry matter production for both species. Instantaneous Rt

may underestimate actual respiratory activity in stems, perhaps

because of removal of CO2 in the transpiration stream.
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Figure III. 1. Maintenance respiration for lodgepole pine (day 279)
at average temperature of 0.5 °C (open boxes, Rm .19 + .0048 *
sapwood volume, R2 = .91, SEE .30), and at average temperature of
13.0 CC (filled boxes, Rm = 1.92 + .0064 * sapwood volume, R2 .82,

SEE = .77).

46



14

12

.110
0
E
C

0
C.)

14

12

0
E
C

C40
U

a

a

200 400 600 800 1000 1200 1400 1600

Sapwood Volume (cm3)
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Figure III. 3. Instantaneous construction respiration (Re) for
lodgepole pine on day 185 versus annual dry matter production. Open
boxes are morning, filled boxes are afternoon readings; values are
corrected for maintenance respiration, and statistics are in table
3).
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Figure III. 4. Instantaneous construction respiration (Rc) for
Engelmann spruce on day 186 versus annual dry matter production.
Open boxes are morning, filled boxes are afternoon readings; values
are corrected for maintenance respiration, and statistics are in
table 4).
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Figure III. 5. Unadjusted respiration (Rt) for intensively sampled
lodgepole pine--maintenance (open boxes), June or August (half-filled
boxes), July (filled boxes).
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midrange (max-I-min/2) temperature) versus shelter midrange temperature
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Figure III. 9. Respiration temperature (TR) at which a tree would
have to respire for 24 h to equal calculated daily respiration versus
midrange shelter temperature (boxes are tree at 2800 m, triangles are
tree at 3150 m).
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Table III. 1. Relationship between maintenance respiration (Rm) and

sapwood volume during maintenance (fall sampling) for lodgepole pine.

Sample
Date

Time Mean Sapwood
Temperature

(SD)

Regression
Slope

Number
of

Samples

258 1240- 4.2 (1.2) .00877 10 .87

1530

260 800 - 4.2 (2.9) .00693 12 .65

1200

264 730 - 2.9 (4.5) .00653 10 .57

1130

264 1410- 12.7 (1.7) .00978 10 .25

1800

279 740 - 0.5 (2.4) .00480 13 .91

1013

279 1440- 13.0 (1.6) .00639 13 .82

1630



Sample Time Mean Sapwood Regression Number R2
Date Temperature Slope Of

(SD) Samples

259 645- 2.8 (2.1) 5 NS

1045

259 1125- 8.7 (0.9) .00884 6 .75

1510

265 1410 - 11.5 (2.6) .00968 6 .72

1800

278 825 - 0.6 (1.9) .00600 6 .87

1015

278 1400 - 10.7 (2.2) 6 NS
1515
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Table III. 2. Relationship between maintenance respiration (Rm) and

sapwood volume during maintenance (fall sampling) for Engelmann

spruce with dbh less than 20 cm.
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Table III. 3. Relationship between instantaneous construction

respiration (Re) during tree growth and annual dry matter production

for lodgepole pine. Values are adjusted for sapwood maintenance.

Sample
Date

Mean Sapwood
Temperature

(SD)

Regression
Slope

Number of
Samples

132 8.5 (4.4) 1.03 9 NS

169 20.2 (1.7) 1.85 12 .58

184 22.1 (2.6) 2.88 12 .54

185 (am) 10.8 (4.5) 1.53 12 .76

185 (pm) 21.3 (2.8) 2.99 15 .79

207 13.5 (2.5) 1.35 15 .66

231 (am) 11.1 (5.2) 1.01 12 .71

231 (pm) 23.2 (2.2) 2.69 15 .72
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Table III. 4. Relationship between instantaneous construction

respiration (Rc) during tree growth and annual dry matter production

for Engelmann spruce. Values are adjusted for sapwood maintenance.

Sample
Date

Mean Sapwood
Temperature

(SD)

Regression
Slope

Number of
Samples

R2

169 16.6 (1.2) 12 NS

186 (am) 11.3 (3.5) 2.63 12 .50

186 (pm) 18.5 (1.7) 4.85 15 .51

209 10.1 (1.6) 1.87 15 .44

230 (am) 7.9 (1.7) 1.13 11 .46

230 (pm) 16.8 (1.6) 1.77 15 .43
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Table III. 5. Integrated measured total stem respiration (Rt) and

maintenance respiration estimated from equation [2] (Rm) for May 20

to August 28 and growth respiration estimated from annual stem growth

(Rc*) for lodgepole pine and Engelmann spruce. Respiration units are

mol CO2 for the chambers.

Lodgepole Pine 12 .091 .095 .062 - .066

24 .116 .086 .093 - .063

36 .084 .059 .085 - .060

Engelniann 12 .212 .066 .106 .040

Spruce

24 .177 .096 .088 - .007

36 .133 .059 .100 - .026

Species Nominal Rt Rm Rc* Rt-

Diameter (Rm + Rc*)

(cm)
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Stem Maintenance and Stand Development
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Abs tract

We examined a chronosequence of subalpine lodgepole pine stands

to test the hypothesis that the balance between photosynthetic and

respiring tissue changes with stand development. We predicted that

woody tissue respiration (particularly stem sapwood) would increase

with stand development and account for the majority of observed

decreases in stem growth. Leaf area and nutrient availability

indicated that carbon assimilation was similar for the

chronosequence, but stem growth decreased from 0.14 kg C m2 y- in a

40 year-old stand to 0.04 kg C m2 y1 in a 230 year-old stand.

However, maintenance respiration of woody tissues in stems, branches

and coarse roots accounted for less than 40% of the decrease in stem

growth.
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Introduction

Forests decline in net ecosystem productivity and relative growth

as they age and develop (O'Neill and DeAngelis 1981, Waring and

Schlesinger 1985, Pearson et al. 1987). Increased net autotrophic

respiration associated with changes in the balance between

photosynthetic and respiring tissue as woody biomass accumulates may

cause the patterns observed for growth (Yoda et al. 1965, Kira and

Shidea 1967, Kramer and Kozlowski 1979). This hypothesis has been

widely accepted, yet never adequately tested (Sprugel and Benecke, in

press).

After canopy closure, leaf mass and leaf area remain almost

constant until senescence and increased mortality late in the stand's

life (Waring and Schlesinger1985). Therefore, any increase in

autotrophic respiration with stand development must come from the

woody tissues of the plant: stems, branches and roots. Recent

advances in the understanding of woody tissue respiration (Havrenek

1981, Chapter III, Sprugel2) allow better estimation of annual carbon

costs of maintaining woody tissue, and enable us to directly test the

hypothesis.

Compared with the enormous literature on leaf processes, stem

processes have received little attention (Landsberg 1986, Sprugel and

Benecke, in press). Stem respiration follows a Qlo response to

temperature (Landsberg 1986) and is generally expressed as a rate of

CO2 evolution per unit of bark surface area. Stem respiration rates

vary seasonally (Woodwell and Botkin 1970, Butler and Landsberg 1981,

Linder and Troeng 1981), diurnally (Edwards and McLaughlin 1978),

with growth rate (Butler and Landsberg 1981, Lavigne 1988), with

66
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water stress (Negisi 1978), organ size (Yoda et al. 1965), dwarf

mistletoe infection (Wanner and Tinnin 1986), and with the number of

living cells (Havrenek 1981). Understanding stem respiration has

been complicated by the failure of most studies to separate growth

from maintenance respiration, to identify the source of the

respiration (Sprugel and Benecke, in press), and to correctly scale

respiration measurements to trees and forest stands.

Chapter III showed that stem maintenance respiration (Rut) in

lodgepole pine (Pjnus contorta ssp. lati.folia [Engelm ex Wats.}

Critchfield) was linearly related to volume of the underlying sapwood

and that Em for phloem and cambial tissues was minor. Chapter III

also established relationships to predict sapwood volume for trees

and stands and to estimate sapwood temperature from air temperature.

Using these relationships, we estimate Rut for woody tissues in a

chronosequence of subalpine lodgepole pine stands and compare

maintenance costs with changes in stem growth. We assumed that these

stands assimilated carbon equivalently and that allocation to other

plant parts or processes explained differences in stem growth. We

used leaf area, absorption of photosynthetically active radiation,

soil nutrient profiles, and an index of soil nitrogen availability to

check our assumption of equivalent carbon assimilation. We

hypothesized that higher maintenance respiration would account for

lower growth in older stands, and tested the hypothesis using 40-,

62-, and 233-year-old lodgepole pine stands in Colorado.

Study Area

We sampled trees from even-aged stands of lodgepole pine at the

Fraser Experimental Forest near Winter Park, Colorado, USA (N39 54'

W105° 52'). The subalpine forests at Fraser experience short growing
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seasons, cool night temperatures, and abundant moisture throughout

the growing season (Alexander et al. 1985). The experimental forest

receives an average of 740 mm precipitation, with two-thirds falling

as snow; the annual average temperature is 2 °C. Frost can be

expected to limit photosynthetic activity during the spring and

autumn, but summer rain storms keep humidity high during the growing

season so that stomatal closure associated with humidity deficits is

rare (Kaufmann 1982). However, nitrogen is low in the soil solution

for lodgepole pine forests (Fahey and Knight 1986) and may limit

photosynthetic capacity and above-ground growth. Soils are Typic

Cryochrepts derived from mixed gneiss and schist. At Fraser,

lodgepole pine stands occur from 2600 - 3100 m; stands for this study

were located at an elevation of 2800 m.

l4ethods

To minimize site differences, we selected three adjacent stands

growing within a 300 m radius. The youngest stand (40 y) was

established when a plot had been clear-felled for a regeneration

study (Alexander et al. 1985). The 62 y stand was located in an area

clear-felled for a fire break. The 233 y stand was a remnant of the

old-growth lodgepole pine stand that had originally covered the area

of all three stands; this stand was likely established after a

catastrophic wildfire.

We randomly located three circular plots 0.01 to 0.025 ha in size

in each stand in 1986; each plot contained about 30 trees. Stem

diameter at 1.4 m was measured on each tree in the plot and 5-year

radial growth, 5-year height growth, and sapwood and heartwood radii

at 1.4 m were measured on every third tree. Radial growth and

sapwood and heartwood radii were measured on 2 cores per sampled tree
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to 0.1 mm for growth and 1 mm for sapwood and heartwood. Annual

stemwood growth, standing biomass in various components, and sapwood

volume were estimated using double sampling (Cochran 1962) and

equations given in Pearson et al. (1984) for standing biomass of

stems, coarse roots (>2 mm diameter), and branches, Chapter II for

sapwood, and Kaufmann and Troendle (1981) for leaf area. Double

sampling equations adjust plot estimates for the intensively measured

trees using the difference between the plot mean basal area and

intensive sample mean basal area and the relationship between basal

area and component biomass.

Maintenance respiration of stem sapwood was estimated using an

equation developed by Ryan (Chapter III):

Rm=(0.00416SV)°°665'T [1]

where, T is temperature (°C), SV is sapwood volume in cm3, and Rm is

maintenance respiration in nmol CO2 s1. Bin for branches and coarse

roots was estimated assuming 100% sapwood volume and the rate in

equation [l}. Daily temperatures from a weather station 1600 m

distant were adjusted for the effect of cold air drainage (Kaufmann

1984) at the location of the weather station and used to estimate

daily sapwood temperature (Chapter III). We estimated the error for

an annual estimate of maintenance respiration by sapwood by using the

standard deviation of the coefficients in equation [1]. Construction

respiration (Rc) for stem growth was estimated as 28% of the carbon

in the new growth (Chung and Barnes 1977) and growth is reported as

the carbon incorporated into growth plus the respiration needed for

construction. Carbon for woody biomass was estimated at 50% of dry

weight (Reichle 1981).
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In September, 1986 we sampled 0-10 cm mineral soil of the three

stands. For each stand, we collected 4 composite samples of 10

subsamples each. Three composite samples were taken from transects

randomly oriented about the center of the growth plot and a fourth

from a transect randomly located within the stand. Subsamples were

extracted every 2 m along the transects. Samples were air dried and

the fraction < 2 mm analyzed as follows: organic matter was

determined by a modified Walkley-Black procedure, total nitrogen by

Kjeldahl, nitrate plus nitrite-nitrogen and ammonium-nitrogen by

autoanalysis of 2N KC1 extracts, P by autoanalysis of 0.5 M NaHCO3

extracts, and cations by ICP of ammonium acetate extracts.

Nutrient availability was estimated using a mixed-bed ion

exchange resin in nylon mesh bags located between the forest floor

and mineral soil (Binkley and Matson 1983). We placed five bags per

plot, two on the soil-sample transect, and three on a transect normal

to the soil transect. Bags were placed in September 1986 and

collected September 1987. Resin bags were frozen after collection,

stored at -15 °C, thawed, and extracted with 2N NaCl. Filtered

extracts were analyzed for NR4-N and NO3-N colorimetrically by

autoanalysis and for a variety of other elements by ICP.

We determined absorbed photosynthetically active radiation (PAR)

by sampling light transmitted through the canopy with a LI-COR

LI-19OSB PAR sensor coupled to a Campbell 2lX data logger. We

sampled transmitted light at > 60 points per plot with points spaced

2 m along a grid whose starting location was randomly located. All

plots were sampled on cloudless days within a two-week period and

between 1000 and 1300 solar time. Transmittance was calculated as

(sample - diffuse radiation)/(clear-sky - diffuse radiation).
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Differences in growth, component biomass, soil nutrients, and

maintenance respiration among plots were evaluated with a one-factor

analysis of variance at a 0.05. An F-protected LSD (Milliken and

Johnson 1984) was used to compare means; where variance was

heterogeneous, we used Dunnett's T3 test for multiple comparisons

(Dunnett 1980).

To assess the generality of our results, we compared them with

growth and stem maintenance patterns for an ecosystem with large

sapwood volumes and warmer temperatures (coastal Douglas-fir

(Pseudotsuga menziesii (Mirb.) Franco)). We simulated stand growth

using DFSIM (Curtis et al. (1981)), stem sapwood volume from sapwood

taper (Maguire and Hann 1987, integrated to give volume), and stem

maintenance respiration with the model for sapwood volume given in

Chapter III.

Results

The three adjacent lodgepole pine stands appear to have a similar

potential for assimilating carbon. Leaf area (estimated from sapwood

area) was lower in the oldest stand (Table 1, p <.01), but because of

the exponential relationship between leaf area and energy absorption,

canopy light absorption decreased only about 12% between the 40 and

62 yr stands and the 233 yr stand. Measured energy absorption as a

fraction of incident photosynthetically active radiation was .83 for

the 40 yr stand, .88 for the 62 yr stand, and .74 for the 233 yr

stand. However, because of the small sample size (n3) and high

coefficients of variation (21 - 41%) energy absorption did not vary

significantly among stands (p .15). Pierce and Running (1988)

found that an extinction coefficient of 0.5 accurately described

transmittance for coniferous stands with leaf area index less than 5.
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Measured energy absorption for this study compared well with energy

absorption calculated using projected leaf area, Beer's Law, and an

extinction coefficient of 0.5.

Nutrient concentrations and soil nutrient availability were

similar among the stands (table 2). Of the nutrients sampled, only

total nitrogen (p .06) and Na (p .04) varied among the stands;

however, these differences were not substantial. Inorganic nitrogen

availability assessed with resin bags was uniformly low (0.3 peq/ g

resin for NH4-N and 0.6 ieq/ g resin for NO3-N) and did not differ

among stands (p .61 for NH4-N; p = .14 for NO3-N). Available Ca,

Mg, K, Al, Mn, S, and Mn assessed with ion exchange resin bags also

did not vary among stands (p > .26).

Stem growth, reported here as dry matter carbon plus construction

respiration significantly decreased with stand age (p < .01, table

1); stem growth of the youngest stand was more than three times that

of the oldest stand. Estimated branch and root growth were less than

15% of stem growth. Sapwood volume increased slightly from the 40 yr

stand to the 233 yr stand, but the increase was not significant (p =

.24). Therefore, estimated maintenance respiration of sapwood did

not vary significantly with stand age. Based on the standard

deviations of the Em model coefficients, an approximate uncertainty

interval for the annual sapwood maintenance estimates was 13%.

Maintenance costs of sapwood are comparable to carbon invested in

growth of new stemwood, particularly in the oldest stand, and

represent a substantial carbon cost to the stand (table 1).

Estimated annual maintenance respiration of sapwood in branches and

coarse roots was about 50% of stem sapwood. These maintenance costs

increased with stand age (p < .01). An estimate of the importance

of sapwood maintenance respiration is the fraction of the decrease in

carbon allocated to stem growth explained by the increase in carbon



allocated to sapwood maintenance. Increases in maintenance costs

associated with stem, branch, and coarse root sapwood explained 38%

of the decrease in stemwood growth from 40 to 62 y, and 13% of the

decrease in stemwood growth from 62 to 233 y.

Patterns similar to lodgepole pine were found for the coastal

Douglas-fir simulation (fig. 1). Carbon allocated to stem growth

decreased from 0.90 kg C m2 yl at age 35 to 0.62 kg C m2 y1 at

age 100. Estimated respiration of sapwood increased from 0.13 to

0.28 kg C m2 y1 over the same period. The increase in sapwood

respiration accounted for 54% of the decrease in stem growth.

Discussion

Changes in woody tissue respiration and in particular stem

sapwood fail to explain the majority of the decrease in stem growth

as stands aged. Neither sapwood volume nor branch and root biomass

change enough with stand age to allow any reasonable value of Em to

account for decreased stem growth. Our estimate of Em may be

conservative, since it was derived from measurements made after the

end of the growing season (Chapter III). Because most of the

difference in biomass between the young and old stands is dead

heartwood, even doubling of the rates for Em can not account for a

substantial portion of the decrease in stem growth. Even though

coastal Douglas-fir ecosystems have higher sapwood volumes respiring

under warmer temperatures, stem growth and maintenance respiration

patterns were similar to those of the lodgepole pine in this study.

The pattern of stem growth for the lodgepole chronosequence in

this study is typical for the species in the central Rocky Mountains.

Pearson et al. (1987) examined several subalpine lodgepole forests in

Wyoming, and found that net ecosystem production peaked around 40

73
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years, dropped rapidly from 40 to 80 years, and slowly declined

thereafter. Simulations using a growth-and-yield model (RMYLD,

Edminster 1978) with the 40 y stand as the initial conditions also

showed the same pattern. Additionally, Appendix C reports virtually

identical results for a lodgepole pine chronosequence at 3150 m

elevation.

Based on leaf area, leaf weight and PAR absorption, carbon

assimilation was likely similar for the two youngest stands and

slightly lower for the oldest stand (Waring 1983, Linder 1984,

Landsberg 1986). Leaf age and foliar nitrogen content also affect

photosynthetic capacity, but these did not appear to vary greatly

across the stands (Anna W. Schoettle, personal communication).

Because of these similarities, observed differences in stem growth

are not likely the result of different assimilation rates.

Several investigators have hypothesized that changes in available

nutrients will promote changes in fine root turnover, with fine root

turnover increasing as nutrient availability decreases (Keyes and

Crier 1981, Vogt et al. 1983, Linder and Rook 1984, Vogt et al.

1986). However, Nadeihoffer et al. (1985) suggest that increased

nitrogen availability leads to increased fine root turnover. If fine

root turnover and nutrient availability are linked, the stable soil

nutrient profiles and low but stable available nitrogen in this study

may indicate stable fine root production across the chronosequence.

Fine root turnover is correlated with fine root biomass in cold

temperate and boreal forests (Vogt et al. 1986). If fine root

biomass follows the increase in coarse root biomass found in this

study, increased allocation to fine roots would absorb the balance of

the carbon not allocated to stem growth. Pearson et al. (1984) could

not relate fine root biomass to above ground stem or sapwood basal

area, but found that fine root biomass was a constant 4-6% of total
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above ground biomass. Therefore, the increased aboveground biomass

found with stand age for the lodgepole pine chronosequence in this

study may indicate higher fine root turnover. Fine root turnover

rates in a subalpine Pacific silver fir stand (Abies amabilis

(Dougi.) Forbes) growing under wetter (2700 nim) and warmer (5.4 °C)

conditions than those of this study ranged from .30 - .46 kg C

y1- (Crier et al. 1981).

Chapter II showed that for an individual tree, sapwood volume

increased exponentially with increasing leaf area or sapwood area at

1.4 m. The slight increase in stand sapwood volume with age for the

chronosequence in this study indicates that the larger, older trees

have low leaf areas for their size. Storage of water and

carbohydrate remain relatively constant per unit of leaf area for the

chronosequence.

Conclusions

Our results show that the hypothesis that increases in Rm of

woody tissues, particularly stem sapwood, explain patterns in stem

growth (Waring and Schlesinger (1985), Waring (1987)) fails for

subalpine lodgepole pine stands. Annual Rm of stems, roots, and

branches is comparable to the annual carbon allocated to stem growth,

but these stands appear to grow so as to minimize the amount of

sapwood Rm consistent with water and carbohydrate storage

requirements. Structurally, these lodgepole pine stands maintain a

balance between leaf area and respiring woody tissue.
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coastal Douglas-fir.
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Table IV. 1. Stand characteristics, growth, and maintenance respiration for a chronosequence of
lodgepole pine.

Leaf Area Stems Stem Branch Roots Sapwood Stern Stem Branch CVI-

(> 2 mm) Growth Sapwood and
Rm Coarse

Root Rm

Stand Age (m2/m2) (ha1-) - - (kg C m2 ground area) - - - (kg C m2 ground area y1-)

1Coefficient of variation for all estimates, representing the variability among plots within the stand.

40 12.3 4367 4.38 057 0.60 3.00 0.139 0.038 .015 0.07

62 12.1 3311 5.51 0.71 0.78 3.56 0.110 0.045 .019 0.19

233 7.7 1067 6.58 0.84 1.14 3.80 0.041 0.048 .025 0.20



Table IV. 2. Mean (SD) soil nutrients in 0-10 cm mineral soil of 40-, 62-, and 233-year-old lodgepole

pine stands.

Stand Age

Organic Total NH4-N NO3-N P Ca. Mg Na K

Matter Nitrogen

(%) (%) iig/g

40 5.1 .081 9.1 .95 14.5 1100 151 4.7 258

(0.4) (.013) (1.0) (.53) (6.6) (188) (25) (0.5) (33)

62 5.7 .068 8.0 .53 22.3 948 149 6.8 235

(1.4) (.003) (1.3) (.05) (4.6) (147) (33) (1.4) (33)

233 5.8 .098 9.9 .70 16.3 1020 143 4.2 231

(1.0) (.019) (1.9) (.16) (1.7) (230) (34) (0.3) (75)
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APPENDIX



A. CO2 Flux Calculations Using ADC Infrared Gas Analyzer and Mass

Flow Meter

CO2 flux in an open system is estimated as the product of the

flow of gas through the chamber and the difference in CO2

concentration between the chamber outlet and inlet (Long and Hallgren

1985). To insure accuracy, the infrared gas analyzer (IRCA) must be

properly calibrated and flows, concentrations, and fluxes converted

to standard, conservative units (moles or mole fractions).

Temperature and pressure adjust the molar volume and influence the

calculation of flux. Since water absorbs infrared radiation at

wavelengths similar to GO2, IRCA readings must be corrected for water

vapor.

The equation for calculating CO2 flux in an open system is:

F = f * (C1 - C2)

where,

F CO2 flux in mol l,

f = flow rate through chamber in mol air s1-,

C1, C2 analysis and reference CO2 concentrations in mol CO2

(mol air)1-.

The ADC IRGA (Analytical Development Company, 1986) gives CO2

concentrations in volumes per million (vpm- -micro-liters per liter),

but actually measures CO2 concentration as mole fraction3. The

conversion of volume to moles requires knowledge of the calibration

temperature and pressure. Flow rate is given in volume units (ml

94

3 Sprugel, 1988. Calculation of CO2 exchange under field conditions:
clarification of a widely used formula. Accepted by Photosynthetica.
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m1-), but the flow meter (ADC-ASUM) actually measures and maintains a

constant mass flow (Analytical Development Company, 1985). Volume

converts to mass flow through multiplication by a constant.

Flow

ASUM gives flow in ml m1 at 20 C and 1 bar (Analytical

Development Company, 1985). The ml m1- reading given by the ASUM can

be converted to mass flow by:

flow (mol air s-i) = t ml m1 / 60 m- s } / ( 22414

* 1.01325 * (293/273)) [21

=mlnrl*6.84xl07 [3]

Therefore, a typical ASUM flow rate of 300 ml m1- will give 2.05 x

iO4 mol air sfl-.

CO2 concentration

The ADC IRGA gives CO2 concentration in vpm, but it actually

measures mole fraction. Therefore, when the IRGA is calibrated in

the lab, laboratory values for temperature and pressure should be

used to convert meter vpm readings to mole fraction. The IRGA will

show vpm differences for both changes in CO2 and changes in

temperature and pressure, but will be conservative with respect to

CO2 molar concentration.

Because of the high elevation (low pressures) of my field sites

and the limited adjustment in the IRGA span, the IRGA could not be

made to read at the calibration vpm of the primary standard gas (350

vpm). So, instead of adjusting the IRGA to give actual vpm, I

calibrated the IRGA to give mole fraction directly. I calibrated the

IRGA to a vpm reading corresponding to the mole fraction of CO2

actually present in the calibration gas at laboratory temperature and

pressure. In other words, the temperature and pressure effects were



corrected with the calibration, and vpm CO2 can then be directly

converted to mole fraction by dividing vpm by 22.4 1, the molar

volume of an ideal gas at STP. The equations are:

Calibration vpm CO2 = Primary standard vpm CO2 *

(273/K) * (P/l.013)

where,

K = Laboratory temperature in Kelvin degrees,

P = Laboratory pressure in bars.

For example, with standard concentration of 350 vpm CO2, and

laboratory temperature of 15 C (288 K) and pressure of .700 bar (at

elevation of 2800 m), the calibration value is 229 vpm CO2.

Mole fraction CO2 after calibration

mol CO2 / mol air

= vpm CO2 X i06 *
( 1 mol CO2 / 22.4 1 CO2 ) /

(1 mol air / 22.4 1 air)

= vpm CO2 X 10-6.

where,

vpm CO2 = IRGA CO2 calibrated with equation [4].

Flux

Given [1], [3], and [7],

Flux (mol s-i) = vpm CO2 x 10-6 * flow (ml m* *

6.84 x lO.

[5]

[8]
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An IRGA reading of 300 vpm in absolute mode at a flow reading of 350

ml m1 on the AST.JM will give a flux of CO2 of 71.8 x lO mol sfl-, or

71.8 nmol s1-.

Correction for water vapor

The maximum correction for water vapor for the ADC IRGA varies

with CO2 concentration, but is 1 to 2 vpm (Analytical Development

Company, 1986). At temperatures and relative humidities typical of

the subalpine (-5 to 15 C, 20 to 100%) and an absolute CO2

concentration of 400 vpm, the maximum correction for water vapor with

the IRGA in absolute mode is -1.8 vpm. Adjusting for the diluting

effect of water vapor compensates for the decrease in vpm reading and

the resulting correction is near zero for these conditions. In

differential mode, the correction for water vapor depends on the

difference in water vapor concentration between the analysis and

reference streams. If these differences are small, the IRGA readings

for CO2 are unaffected. Since my measurements were taken in

differential mode at low relative humidities and temperatures, and

since the resolution of the ADC IRCA is +/- 1 vpm, I did not correct

for water vapor.
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B. CO2 flux calculations using closed chamber system with CO2

concentration determined on stored samples by gas chromatography

CO2 flux in an closed system is estimated by dividing the molar

accumulation of CO2 in a closed chamber by the length of time the

chamber was closed (Long and Hallgren 1985). CO2 mole accumulation

is determined by subtracting the amount of CO2 present initially from

the amount at the final sampling. I stored gas samples in evacuated

containers and measured CO2 concentration using gas chromotagraphy

with an electron capture detector using a procedure developed by

Mosier and Mack (1980).

Field Procedure

Serum vials (5-15 ml) were evacuated to less than 1% atmospheric

pressure and stored at less than 4 °C before use. Air at ambient CO2

concentration was pumped through a chamber (about 400 ml) at 2-3 1

m1 for 3-5 m. A 15 ml sample was drawn from the chamber and the

chamber sealed. After a measured time (5-8 m) a second 15 ml sample

was drawn. Ambient CO2 at Fraser Experimental Forest was determined

periodically over the summer using an ADC IRCA (238.7 vpm CO2 at STP

95% CI = 2.7). Standards for the GC work were ambient air at Fraser

taken each sample period, and I used seasonal average CO2

concentration as the standard concentration. Actual volume,

temperature, and pressure were measured so fluxes could be corrected

for actual atmospheric conditions.
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The sample loop is evacuated, sealed and the standard introduced.

Integrating peak area for CO2 and dividing by sample pressure in the

loop corrects for variation in the size of the container or original

sample. Sample concentration is determined by:

Divide peak area by ioop pressure (A/P) for standards and

average for 5 replicates.

Divide reference CO2 (mol CO2 equivalent to 238.7 ul/l at STP)

by A/P to give concentration per peak area-pressure unit.

Divide peak area by loop pressure (A/P) for samples.

Multiply sample A/P by (2) to get sample CO2 in ul/l at STP.

Multiply (4) by chamber volume in 1, correct for chamber

temperature and pressure, and convert to mol CO2.

Calculations

Correction for altitude and temperature can be done one of two

ways - 1) calculating mole fraction (mol CO2 mol air1-) for the

sample and then using chamber temperature and pressure to calculate

mol air in the chamber, or, 2) calculating the ul CO2 in the chamber

and using chamber temperature and pressure to convert ul to moles.

use method 2.

The equation for calculating CO2 flux in a closed system is:

F = C * (C1 - C2)/t * (273/K) * (P/l.0l3) [1]

where,

F = CO2 flux in mol

C = Chamber volume in 1

Cl, C2 = analysis and reference CO2 concentrations in mol CO2 (1

air)1.

K = Chamber temperature in Kelvin degrees,

P Chamber pressure in bars.



101

For example, A/P for CO2 standard is .07176 area/loop pressure.

Sample 1 A/P is .0768 before chamber closure, and sample 2 A/P is

.1986 after the chamber had been closed for 185 s. Chamber

temperature was 24 C, pressure, .718 bars, and volume, .345 1.

Sample 1 ui/i CO2 at STP

= .0768 * [238.7 ui CO2 /1 air at STP] /.07176 [2]

259.5

Sample 2 ui/i CO2 at STP

= .1986 * [238.7 ui CO2 /1 air at STP] /.07i76 [3]

= 658.1

Flux (moi s-i)

(658.1 - 259.5) ui/i * .345 1 * (273/297) * (.718/1.013)

/ 185 s * 10-6 i/ui / 22.415 1 mold-.

= 21.6 nmol s_i. [4]
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C. Carbon Balance for a High Elevation Lodgepole Pine Chronosequence

I planned to compare growth and growth efficiency between a

chronosequence of lodgepole pine stands growing at high (3200 m) and

low (2800 m) elevation. Warmer low elevation stands should grow

faster but reach a balance between assimilation and respiration

earlier in life than cooler, high elevation stands. Central to the

comparison was an estimated temperature difference of at least 4 °C.

However, because of some cold-air drainage at the lower elevation

site, and because sapwood damps diurnal temperature variation,

measured average sapwood temperature differed only 0.5 C throughout

the growing season of 1987. The pattern of stem growth and stem

maintenance respiration was similar for stands at both elevations.

include data for the high elevation stand here (table A. 1.).

Because of my difficulty in locating suitable stands, the high

elevation chronosequence was not adjacent. All stands were located

within 15 km of Fraser Experimental Forest, on slopes less than 10%,

with north to west aspects, and soils similar to the low elevation

chronosequence. Soil nutrients were similar for stands in the high

elevation chronosequence, but there was more variability (table A.

2.). The oldest lodgepole stand had significantly greater total N,

P, Mg, Na, and K (table A. 2.). Nutrient availability measured with

IER bags (Chapter IV) was similar to the low elevation

chronosequence, except that the 45 and 75 year-old stands had higher

NO3-N availability.



Table A. 1. Stand characteristics, growth, and maintenance respiration for a high-elevation
chronosequence of lodgepole pine.

Leaf Area Stems Stem Branch Roots Sapwood Stem Stem Branch CV1
(> 2 mm) Crowth Sapwood and

P.m Coarse
Root P.m

Stand Age (m2/m2) (ha-i) -- - (kg C m2 ground area) --- (kg C m2 ground area y1)

1Coefficient of variation for all estimates, representing the variability among plots within the stand.

45 13.4 2067 6.21 0.80 0.94 3.17 0.140 0.040 .022 0.25

75 10.8 2133 5.74 0.74 0.87 3.17 0.089 0.040 .020 0.26

236 9.2 1083 10.08 1.29 1.68 4.83 0.034 0.061 .038 0.07



Table A. 2. Mean (SD) soil nutrients in 0-10 cm mineral soil of 40-, 65-, and 230-year-old lodgepole
pine stands.

Stand Age

Organic Total NH4-N NO3-N P Ca Mg Na K
Matter Nitrogen

45 5.60 0.08 8.77 0.55 12.5 708 81.5 2.98 161

(1.43) (0.02) (0.54) (0.10) (2.38) (227) (30.6) (0.94) (38.7)

75 4.20 0.06 6.95 0.35 11.8 491 78.8 4.38 151

(0.42) (0.01) (1.52) (0.06) (1.71) (47.3) (14.7) (0.50) (33.4)

236 8.63
(0.88)

0.10 8.15 0.45 38.3
(0.02) (0.47) (0.06) (2.75)

807 124.7 6.80 239
(207) (22.9) (0.62) (26.5)




