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Summary We used whole-tree, open-top chambers to ex-
pose 13-year-old loblolly pine (Pinustaeda L .) trees, growing
in soil with high or low nutrient availability, to either ambient
or elevated (ambient + 200 umol mol ™) carbon dioxide con-
centration ([CO,]) for 28 months. Branch growth and morphol -
ogy, foliar chemistry and gas exchange characteristics were
measured periodically in the upper, middle and lower crown
during the 2 yearsof exposure. Fertilization and elevated [CO,]
increased branch leaf areaby 38 and 13%, respectively, andthe
combined effects were additive. Fertilization and elevated
[CO,] differentially altered needlelengths, number of fascicles
and flush length such that flush density (leaf area/flush length)
increased with improved nutrition but decreased in responseto
elevated [CO,]. These results suggest that changesin nitrogen
availability and atmospheric [CO,] may alter canopy structure,
resulting in greater foliage retention and deeper crownsin |ob-
lolly pine forests. Fertilization increased foliar nitrogen con-
centration (Ny), but had no consistent effect on foliar leaf mass
(W,) or light-saturated net photosynthesis (As). However, the
correlation between Ag; and leaf nitrogen per unit area (Na =
W, Ny) ranged from strong to weak depending on the time of
year, possibly reflecting seasonal shifts in the form and pools
of leaf nitrogen. Elevated [ CO,] had no effect on W, Ny or Na,
but increased Ag; on average by 82%. Elevated [CO,] also in-
creased photosynthetic quantum efficiency and lowered the
light compensation point, but had no effect on the photosyn-
theticresponsetointercellular [CO;], hencetherewasno accli-
mation to elevated [CO,]. Daily photosynthetic photon flux
density at the upper, middle and lower canopy position was 60,
54 and 33%, respectively, of full sunincident to the top of the
canopy. Despite the relatively high light penetration, W, Na,
Az and Ry decreased with crown depth. Although growth en-
hancement in responseto elevated [ CO,] wasdependent on fer-
tilization, [CO,] by fertilization interactions and treatment by
canopy position interactions generally had little effect on the
physiological parameters measured.

Keywords: foliar nitrogen concentration, |eaf area, net photo-
synthesis, respiration.

Introduction

Loblolly pine (Pinustaeda L.) is the dominant speciesin for-
estsin the southeastern United Stateswhereit growson awide
variety of soil types. The speciesis widely used in plantation
forestry because it is highly plastic with respect to resource
availability such as soil nutrition. Hence, stand production can
be manipulated by forest management activities that affect re-
sources (e.g., bedding, weed control and fertilization) (Schultz
1997). For thisreason, there is much interest in understanding
and predicting loblolly pine stand responses to changesin en-
vironmental conditions caused by forest management activi-
ties and changing climate.

The effects of elevated [CO,] on growth and physiology of
loblolly pine seedlings and trees have been studied by means
of a variety of experimental protocols including: controlled
environmental chambers (Tschaplinski et a. 1993, Will and
Teskey 1997), greenhouse chambers (Larigauderieet al. 1994,
Groninger et al. 1995, 1996), outdoor open-top chambers (Tis-
sue et a. 1996), branch chambers (Liu and Teskey 1995,
Murthy et a. 1996) and by stand-level Free Air Carbon En-
richment (FACE) (Ellsworth et a. 1995, Ellsworth 1999).
These studies have yielded three important results: (1) the
photosynthetic response to elevated [CO;] is large, especially
in upper-canopy, well-illuminated foliage; (2) elevated [CO,]
has little influence on stomatal conductance; and (3) elevated
[CO,] increases growth of seedlings, saplings, branches, trees
and stands, but the responses are small compared with the
photosynthetic responses.

Growth rate generally increases dramatically in response to
fertilization, especially in young loblolly pine stands. In-
creased productivity in response to fertilization is primarily a
function of canopy structure. Empirical datashow astrong lin-
ear relationship between aboveground productivity and leaf
areaindex (Voseand Allen 1988, Albaugh et al. 1998, Samuel-
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son et a. 2001). Fertilization may also increase productivity
by increasing photosynthetic efficiency (Linder 1987). Fertil-
ization usually results in significant increases in foliar nitro-
gen concentration; however, itsimpact on photosynthetic rates
of loblolly pine trees ranges from negligible (Teskey et a.
1994a, Gough 2000, Samuelson et al. 2001, Will et al. 2001) to
average increases of 30% when trees are provided with “opti-
mum” nutrition (Murthy et al. 1996). Understanding the ef-
fects of nitrogen on photosynthetic capacity is important
because the functional photosynthesis (or carboxylation effi-
ciency)/nitrogen relationship (Evans 1989) is used for model-
ing photosynthesis at many scales (McMurtrie et al. 1992,
Woodward et a. 1995, Aber et a. 1996, Medlyn 1996).

The combined effects of nutrient availability and [CO,] on
growth and physiology in matureloblolly pinetreesare poorly
understood. Potential increases in stand productivity in re-
sponse to elevated [CO,] may be constrained by nutrient limi-
tations (Groninger et al. 1999, Oren et a. 2001). Seedling
studies generally show that gas exchange (Tissue et al. 1993,
Thomaset a. 1994) and growth (Griffin et al. 1995) responses
to elevated [CO,] are correlated with soil nitrogen supply.
However, seedlings possess morphological, phenological and
physiological characteristics that differ from those of mature
trees (Cregg et a. 1989, Hanson et al. 1994, Johnson and Ball
1996), making the prediction of field responses in mature
trees, on the basis of extrapolation of seedling data, problem-
atic. In large trees, photosynthetic acclimation to long-term
exposure to elevated [CO,] appears to be minimal (Liu and
Teskey 1995, Ellsworth et a. 1998, Myers et a. 1999). In a
branch chamber study on large trees, Murthy et a. (1996) and
Murthy and Dougherty (1997) found that the effects of fertil-
ization and el evated [ CO,] on branch growth and photosynthe-
sis were additive. However, the use of branch chambers is
controversial because the treatment of individual branches
does not alow for within-canopy or whole-tree feedbacks as a
result of resource limitations caused by enhanced tree growth
in response to elevated [CO,] (Ceulemans and Mousseau
1994, Marek and Kalina 1996).

Whole-tree exposures are needed to determine field re-
sponses of mature trees to elevated [CO,] and to test whether
canopy feedbacks on growth and physiological processes are
important. We used whole-tree open-top chambers to expose
13-year-old loblolly pine trees, growing in soil with high or
low nutrient availability, to elevated [CO,] to examine how
[CO,], foliar nutrition and crown position affect branch
growth, phenology and physiology. We hypothesized that
growth and physiological responses to elevated [CO,] are
greater at high nutrient availability than at low nutrient avail-
ability and that the responses vary with light availability
within the crown. At the time of physiological measurements,
all foliage had developed under elevated [CO,] conditions.

Materials and methods

Ste description
The study siteisaloblolly pine plantation (USDA Forest Ser-

vice, Southeast Tree Research and Education Site (SETRES);
34°48 N, 79°12" W) growing on an infertile sandy soil
(Wakulla series, USDA Soil Classification Series). The cli-
mate is mild. Mean annual, summer and winter temperatures
are 17, 26 and 9 °C, respectively. Mean annua rainfal is
121 cm, evenly distributed throughout the year. The stand con-
sistsof amix of 10 “improved” (first generation seed orchard)
North Carolina Piedmont loblolly pine families planted in
1985 at 2 x 3 m spacing. Stand density is 1161 trees per
hectare.

IN1992, a2 x 2 factorial study using acombination of fertil-
ization (no addition and complete nutrition) and irrigation (no
addition and well watered) was begun. Treatments were estab-
lished on 0.25-ha plotsreplicated four times. To achieve “opti-
mum” nutrition, fertilizer was applied annually to attain a
foliar nitrogen (N) concentration ([N]) of 1.3% with other
macro- and micronutrients in balance; control foliar [N] was
about 0.9% (Murthy et al. 1996, Albaugh et a. 1998). In 1997,
at the beginning of our study, fertilized trees had significantly
greater heights, diametersand live crown lengthsthan unfertil-
ized trees (Table 1). Fertilized trees had nearly double the fo-
liage biomass and leaf area of unfertilized trees.

Two trees in the control (no fertilization or irrigation) and
fertilized-only plots from three of the treatment blocks
(12 trees total) were selected for the [CO,] experiment.
Whole-tree, open-top chambers, 12to 14 m highand 3mindi-
ameter, were built to enclose the entire aboveground portion of
the tree. One whole-tree chamber in each treatment plot re-
ceived ambient air only, whereas the other chamber was sup-
plemented with CO, to maintain chamber [CO,] at about
200 pmol mol ™ above ambient. Air and added CO, were
mixed within the chamber by two plenum fans. The [CO,]
treatments began in August 1996 and ended in February 1999.

Three south-facing branches in each chamber, representing
the lower canopy (branch initiated in 1992), middle canopy
(1994 branch) and upper canopy (1996 branch) positions,
were selected for measurement. Carbon dioxide and water va-
por at each canopy position were measured every 30 min with
an automated sampling system and an infrared gas analyzer
(L1-6262, Li-Caor, Lincoln, NE). Photosynthetic photon flux
density (PPFD) and temperature were measured at each posi-
tion every 6 s and averaged over each hour with a data logger
(CR-7, Campbell Scientific, Logan, UT). Temperature was
measured with a copper-constantan thermocouple and PPFD
was measured with photodiodes (G1118, Hamamatsu, Bridge-
water, NJ) calibrated with a quantum sensor (Li-Cor LI1-190).

Branch phenology

All branches were assessed for growth characteristics during
1997 and 1998. Branch diameter, shoot extension, and fascicle
number and length for each flush were measured monthly.
Fascicle length was measured on arandom subsampl e of three
fascicles from the mid-section of each flush. At the end of the
experiment, branches were harvested and separated into
woody and foliage components, dried at 65 °C and weighed.
L eaf massper unit area(W,; g m—2) was calculated asthe ra-
tio of needle dry mass to total surface area. The surface area
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Table 1. Canopy characteristics of 13-year-old loblolly pine stands after 5-6 years of fertilization.! Abbrevations: LC = lower third of crown;
MC = middlethird of crown; UC = upper third of crown; LAI = leaf areaindex; numbersin parentheses denote percent of total foliage biomassin

each crown level.

Treatment Tree Live crown Mean branch Number of  Canopy Foliage biomass (kg ha™) Peak
height length diameter branches density? LAI3
LC MC uc Total
(m) (m) (cm)
Unfertilized 7.0 51 1.68 47.5 0.08 1417 1410 615 3442 14
(41) (41) (18)
Fertilized 8.8 6.5 218 429 0.14 1974 3823 850 6447 29
(30) (58) (13)

! Data provided by Tim Albaugh, North Carolina State University.
2 Canopy density = LAI/live crown length.
3 Measured in August 1997.

was calculated on 10 needles per plot x [CO,] x canopy posi-
tion combination based on needle length, diameter and taper.
Needles were then oven-dried at 65 °C and weighed.

Needle chemistry

Total carbon and nitrogen were measured monthly on three
randomly selected fascicles (Carlo ErbaNA 1500 N, C, Sele-
mental analyzer, Fisions Instruments, Danvers, MA). Foliar
nitrogen was expressed on amass (Ny) and an area (N,) basis,
where Na = W, Ny. Needle carbohydrates were analyzed by an
enzymatic assay modified for pinetissue (Schoeneberger et al.
1992).

Gas exchange

Light-saturated net photosynthesis (Asx) and leaf conductance
(g) were measured in first flush foliage in January, March,
April, June, July and October 1998 in 1-year-old foliage (1997
cohort) and in July and October 1998 and January 1999 in cur-
rent-year foliage (1998 cohort). Measurements were made
with an open-flow gas exchange system (Li-Cor LI-6400).

Photosynthetic responses to PPFD (A/PPFD) and inter-
cellular CO, concentration (A/C;) were evaluated for foliage at
each canopy position on detached needles. Needles were cut
from branches and the cut ends placed in water immediately.
Preliminary measurements showed that net photosynthesis
and stomatal conductance were stable for up to 1 h after fo-
liage detachment. All measurements were made between
0900 and 1200 h. Cuvette temperatures were maintained at the
current ambient temperature and averaged 18.8 °C in January
1998, 24.9 °Cin April, 26.4 °Cin Jduly, 26.8 °C in September
and 21.6 °C in January 1999. Vapor pressure deficit (VPD) at
the leaf ranged from 1.2 to 1.5 kPa. For A/PPFD curves,
cuvette [CO,] wasfixed at the growth [CO,] (370 or 570 pmol
mol ) and PPFD was decreased from 2000 to O pmol m—2 s
in seven steps (2000, 1600, 1000, 600, 300, 100 and 0). There-
sponse curves were fitted to a non-rectangular hyperbola
(Hanson et a. 1987) by nonlinear least squares. The equation
was:

Py = AxlL=(L=Ry/AL) DL M

where A islight-saturated net photosynthesis, Ry is dark res-
piration and LCP is the light compensation point. Apparent
quantum yield (Q) was estimated from the first derivative of
Equation 1:

Q = (A, /R,)A~-LCP/A,)In(L-LCP/A). )

The photosynthetic response to internal [CO,] was exam-
ined over arange of external [CO,] concentrations (150, 200,
280, 370, 570, 800 and 1000 pumol mol ). All measurements
were made at a PPFD of 1600 pmol m=2 s and cuvette tem-
perature and VVPD conditionswere similar to those used for the
A/PPFD curves. Gas exchange variables were cal culated with
the Farquhar biochemical model of photosynthesis (Farquhar
and von Caemmerer 1982; David Ellsworth, University of
Michigan, personal communication).

Foliage respiration was measured at each canopy position
four times (May, July, October 1998 and January 1999) on
fully expanded first-flush needles. In May and July, measure-
ments were made on 1-year-old foliage and in July, October
and January, measurements were made on current-year need-
les (1998). Measurements were made on detached needles at
20 °C beginning 2 to 3 h after sundown with a Li-Cor L1-6400
photosynthesis system equipped with a needle chamber.

Satistical analysis

All variables were subjected to analysis of variancein a split-
split-plot design with fertilization treatment as the main-plot,
[CO,] treatment as the sub-plot and canopy position as the
sub-sub-plot. Main or interactive effects of treatments and
canopy position were considered significant at a = 0.05.
Tukey’s studentized rangetest at a = 0.05 was used to separate
treatment means.

Results

Chamber environment

The effect of elevated [CO,] on seasonal trends in mean daily
chamber [CO,] wassimilar at al canopy positions (Figure 1a).
Mean chamber [CO,] (+ standard deviation) for each canopy
position in the ambient and elevated treatments, respectively,
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Table 2. Mean daily photosynthetic photon flux density (mol m™2
day™) measured inside whole-tree, open-top chambers compared
with above-canopy radiation in 13-year-old loblolly pine trees. Mea-
surements are for January and July. Valuesaremeans+ 1 SE of n=16
observations.

Mean daily chamber [CO,](umol mol™)

300 H

30

lower
....... m|dd|e
——— upper

Above canopy  27.0

49.3

Position January July

Control Fertilized  Control Fertilized
Lower canopy 9.0(2.1) 9.7(23) 19.6(1.0) 11.3(4.1)
Middlecanopy 14.8(1.2) 13.4(1.5) 30.3(5.7) 24.7(09)
Upper canopy  181(1.4) 145(1.9) 29.2(6.8) 29.6(4.9)

air

20

Mean daily temperature (°C)

Soil water (%)

—@— chamber
—O— outside chamber
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Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan

Day of year

Figure 1. Seasonal course of mean daily chamber CO, concentration
(a), air temperature (b) and per cent available soil water (c) (mean +
SE) in the upper 50-cm soil profile of field-grown 13-year-old lob-
lolly pine trees enclosed in whole-tree, open-top chambers at the
Southeast Tree Research and Education Site, Scotland County, North
Carolina, USA.

was: lower 418 + 26 and 619 + 36, middle 416 + 26 and 614 +
41, upper 424 + 29 and 606 + 40. Environmental conditions
were similar inside and outside the chambers. Mean daily air
temperature was similar among canopy positions, and was
within 2.5 °C of outside air temperature 99% of the time (Fig-
ure 1b). Mean hourly chamber air temperaturewaswithin5°C
of outside air temperature 97% of the time. Soil water content
inside the chambers was significantly lower than the plot aver-
age on only one sample date (Figure 1c). Mean dailly PPFDs
for January and July are given in Table 2. Daily PPFD at the
upper, middle and lower canopy positionswas 60, 54 and 33%,
respectively, of full sun incident to the top of the canopy. The
reduction in PPFD at each canopy level reflects the combined

effects of the chamber wall and shading from overhead
branches and surrounding trees.

Branch growth, phenology and structure

Fertilization increased branch diameter growth and number of
flushes, whereas elevated [CO,] had no effect on either vari-
able (Table 3). Fertilization increased branch leaf areaby 38%
and elevated [CO,] increased branch leaf area by 13%. The
combined effects of fertilization and elevated [CO,] were ad-
ditive, increasing branch leaf areaby 56% over that in unfertil-
ized trees grown in ambient [CO,]. Upper-canopy branches
had significantly greater branch diameter growth, flush length,
number of flushes, needle areaand length and number of fasci-
cles than lower-canopy branches. There were no significant
treatment or treatment by canopy position interactions on
branch diameter growth, number of flushes or leaf area. Be-
cause unfertilized, lower-canopy branches had only oneflush,
within-flush comparisons of growth attributes were limited to
the first two flushes. Fertilization increased needle length in
thefirst flush and fascicle number in the second flush, but had
no effect on flush length (Table 3). In contrast, elevated [CO,]
increased flush length in both flushes and increased needle
length and fascicle number, but only inthe second flush. There
was a significant fertilizer by canopy position interaction on
needlelength (P = 0.013), flush length (P = 0.004) and number
of fascicles (P = 0.015) for thefirst flush. Flush density (need-
le area/shoot length) increased with fertilization and de-
creased with elevated [CO,], but there were no canopy
position or treatment interaction effects on flush density.

Neither fertilization nor [CO,] treatment nor their interac-
tion had a significant effect on leaf mass per unit area (W,)
(data not shown). However, W, was significantly greater in
upper-canopy foliage than in lower-canopy foliage (8 to 19%
depending on time of year, Figure 2). Seasonal variations in
W, within a canopy layer were larger than vertical variations
(15 to 25%) and W, was always greater in 1-year-old foliage
than in current-year foliage.

Foliar chemistry

Foliar N concentration on adry massbasis(Ny) was 17 t0 41%
greater infertilized treesthan in unfertilized control trees(Fig-
ure 3) depending on time of year; however, these fertilizer ef-
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Table 3. Mean shoot growth characteristics for loblolly pine branches in 1998. M easurements were made at three canopy positions on branches
initiated in 1992 (lower), 1994 (middle) and 1996 (upper). Meanswithin atreatment followed by adifferent letter are significantly different at o =
0.05. Valuesin columnsfor needlelength, flush length and density refer to thefirst or second growth flush. Flush density was calculated asthera-
tio of flush leaf area and flush length.

Treatment/ Diameter  Flush Total leaf area Needle length Flush length Fascicle no. Flush density
canopy position  (mm) (no.) (cm™) (cm) (cm) (em?cm™)

1 2 1 2 1 2 1 2
Unfertilized 30a 17a 1467.0a 136a 66a 1887a 648a 100.7a 305a 57a 45a
Fertilized 3.3b 22b 20315b 156b 88a 200.2a 554a 1101a 402b 7.3b 9.3b
Ambient [CO;] 27a 19a 1640.5a 152a 66a 1698a 419a 96a 256a 72a 76a
Elevated [CO,] 37a 21a 1858.0b 140a 88b 2191b 783b 1111a 451b 58b 6.5a
Upper 6.2a 24a 2625.0a 1458 121a 2799a 943a 157.7a 583a 64a 75a
Middle 32b 21a 1930.8b 152b 104a 2208b 81.8a 1053b 438a 6.0a 6.6a
Lower 08c 14b 692.0c 140a 06b 828c 41b 532c 39b 7.0a 42a

fectswere not always significant at a = 0.05. Fertilizer effects
on foliar N concentration on an area basis (Na = WaNy) were
similar to those on Ny, because fertilization treatment had no
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Figure 2. Seasonal changesin (@) leaf mass per unit area(W,) and (b)
foliar nitrogen concentration per unit area (N,) for first flush 1-year-
old (1997) and current-year (1998) foliage growing on branchesiniti-
ated in 1992 (lower), 1994 (middle) and 1996 (upper) of 13-year-old
loblolly pine trees. Current-year foliage (1998) was 95% fully ex-
panded in July. Valuesare means + 1 SE of n= 3 observationsand rep-
resent the mean across fertilization and [CO,] treatments.
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effect on W,. Elevated [ CO,] had no significant effect on Ny, or
N, and there were no significant treatment interactions. Mean
(£ SE) foliar Nyy was9.56 + 0.28, 9.66 + 0.32, 12.04 + 0.37 and
11.88 = 0.34 mg g for trees in the unfertilized + ambient
[CO,], unfertilized + elevated [CO,], fertilized + ambient

16

Ny (mg g™

N, (mgg™)
(o]

—o— unfertilized-ambient CO,
—e— unfertilized-amb+200 CO,
—a— fertilized-ambient CO,
—a— fertilized-amb+200 CO,

! L

b

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan

Figure 3. Seasond trends in foliar nitrogen concentration (Ny;) for
first flush (@) 1-year-old (1997) and (b) current-year (1998) foliage of
13-year-old loblolly pinetrees. Valuesare means+ 1 SE of n= 3 ob-
servations. An asterisk indicates a significant difference at o = 0.05

between the mean of the unfertilized and fertilized treatments.
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[CO,] and fertilized + elevated [ CO,] treatments, respectively.
Canopy position had no effect on Ny and there were no treat-
ment by canopy position interactions (data not shown). How-
ever, because of spatial differencesin W,, N4 varied through-
out the crown and was significantly greater in upper-canopy
branchesthan in lower-canopy branches (Figure 2b). Foliar Na
was also significantly higher in 1-year-old foliage than in cur-
rent-year foliage.

Fertilization had little effect on foliar starch or soluble sugar
concentration except in July and September, when it increased
soluble sugarsin 1-year-old foliage (Table 4). Elevated [CO;]
tended to increase starch and soluble sugar concentrations;
however, these differences were significant only in September
(both age classes) and for soluble sugarsin July in current-year
foliage. There was no significant fertilization by [CO,] inter-
action for either variable except in July, when there was a
dight interaction for soluble sugars (P = 0.047) in current-year
needles. Starch and soluble sugars varied with crown position.
Starch was significantly higher in the upper and middle crown
than in the lower crown in July in current-year needlesand in
September in both age classes. Upper-canopy foliage always
had significantly higher soluble sugar concentration than
lower-canopy foliage. There were significant fertilization by
position (P = 0.037), [CO,] by position (P = 0.046) and fertil-
ization by [CO,] by position (P = 0.020) interactions in Sep-
tember for soluble sugarsin current-year foliage.

Gas exchange

Fertilization did not significantly affect light-saturated net
photosynthesis (As), except in January in 1-year-old foliage
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(Table 5). Elevated [CO,] significantly increased Ag on al
measurement dates except in 1-year-old foliage in September.
Neither fertilization nor [CO,] treatment had a significant ef-
fect onleaf conductance (g)) or C,/C, (datanot shown). Within
a canopy position and fertilization treatment, the [CO,] en-
hancement ratio, calculated by dividing A of needlesin the
elevated [CO,] treatment by Ag of needles in the ambient
[CO;] treatment, varied between 1.2 and 2.5 with an overall
mean of 1.82 + 0.06 (Figure 4). There were no significant fer-
tilizer, canopy position or season effects on the [CO,] en-
hancement ratio. There was no significant fertilization by
[CO;,] treatment interaction for any gas exchange variable, ex-
cept for Agx in 1-year-old foliage in June (Table 5, Figure 5a)
and in current-year foliage in July and September (Table 5,
Figures 5b and 5¢c)—at these times, elevated [CO,] increased
As 93-127% in fertilized trees and 37—45% in unfertilized
trees.

Upper-canopy branchesalways had significantly greater Asx
than lower-canopy branches (Figure 6a), with the largest dif-
ference occurring in April, coinciding with maximum Ag and
Na. Leaf conductance was higher in the upper canopy than in
the lower canopy; however, differences were smaller than for
As (Figure 6b). Canopy position generally did not affect Ci/C,
(Figure 6¢). There was no significant treatment by canopy po-
sition interaction effect on Ay, g or C/C, at any time. Maxi-
mum Ag and g occurred in April, although winter Az was
70% of the seasonal maximum. Seasonal variation in mean
GCi/C, ranged between 0.45 and 0.80 and averaged 0.65. In
1-year-old foliage, C;/C, was lowest in June and highest in
July.

Table 4. Starch and soluble sugar concentrations of first flush 1-year-old (1997) and current-year (1998) foliagein 13-year-old loblolly pinetrees.
M easurements were made at three canopy positions on branches initiated in 1992 (lower), 1994 (middle) and 1996 (upper). Needles were col-
lected between 0800 and 1200 h. Meanswithin atreatment followed by adifferent letter are significantly different at o = 0.05. Abbreviation: na=

data not available.

Treatment/ One-year-old foliage

Current-year foliage

canopy position

January April July September July September January
Starch (mgg™)
Unfertilized 579a 88.2a 93a 30.7a 129a 16.5a 2.82a
Fertilized 7.67 a 89.9a 119a 30.7a 10.6a 13.7a 342a
Ambient [CO;] 5.78a 86.6 a 5.9 a 181a 70a 82a 234a
Elevated [CO,] 7.68 a 915a 1522 a 41.2b 16.8a 219b 391a
Upper 750 a 9R23a 115a 40.6 a 17.7a 20.0a 3.38a
Middle 5.96 a 85.8a 135a 28.4 ab 10.0ab 16.0 ab 3.18a
Lower na na 6.8a 23.0b 79b 9.1b 28la
Soluble sugar (mg g™?)
Unfertilized 874a 62.9a 53.2a 56.3a 59.1a 54.6 a 94.4a
Fertilized 99.6 a 719a 65.9b 77.2b 62.0a 61.8a 98.4a
Ambient [CO,] 89.8a 66.8 a 523 a 554 a 54.1a 51.6a 96.1a
Elevated [CO,] 97.2a 68.0 a 66.8 a 745b 67.0b 64.8b 96.7 a
Upper 94.8a 68.8a 65.8a 74.2a 66.4a 64.6 a 1019a
Middle R2a 66.0 a 60.6 ab 61.2b 60.6 b 59.3a 97.2ab
Lower na na 52.2b 62.0b 54.7c¢ 50.7b 90.1b
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Table 5. Analysis of variance (P-values) for measurements of light-saturated net photosynthesis (As) in 1-year-old (1997) and current-year
(1998) foliage of 13-year-old loblolly pinetrees. Abbreviations: F =fertilization treatment: unfertilized and fertilized; C = [CO,] treatment: ambi-

ent [CO,] and ambient + 200 umol mol ~* CO,; P = canopy position: lower, middle and upper.

Source One-year-old foliage Current-year foliage
df Jan Mar Apr Jun Jul Sep Jul Sep Jan

F 1 0.015 0.449 0.999 0.734 0.121 0.564 0.182 0.203 0.496
C 1 0.009 0.031 0.001 0.001 0.038 0.057 0.001 0.001 0.032
FxC 1 0.870 0.642 0.796 0.018 0.969 0.298 0.047 0.023 0.926
P 2 0.011 0.013 <0.001 0.003 0.018 0.045 0.002 0.184 0.029
FxP 2 0.656 0.679 0.282 0.433 0.951 0.767 0.908 0.437 0.688
CxP 2 0.687 0.848 0.474 0.366 0.934 0.405 0.441 0.398 0.443
FxCxP 2 0.102 0.761 0.390 0.830 0.378 0.827 0.876 0.486 0.819

Neither fertilizer nor elevated [CO,] significantly affected
foliage dark respiration (Ry) (Table 6). However, Ry of 1-year-
old and current-year foliage was 19 and 27% higher, respec-
tively, in the upper canopy than in the lower canopy.

Relationship between A and Ny

Across growing seasons, Ay was correlated with Ny in
1-year-old foliage (ambient [CO,]: r2= 0.45, P < 0.01, n = 22;
elevated [CO,]: r? = 0.41, P < 0.01, n = 22), but not in cur-
rent-year foliage (ambient: P = 0.72; elevated: P = 0.52).
Within a growing season, the strength of the relationship be-
tween Ay and N, varied with time and treatment (Figure 7).
For example, in 1-year-old needles grown in ambient [CO;],
Az Was strongly correlated with N, in January (Figure 7a), but
not in July. In September, when current-year foliage growth
had ceased, A« in 1-year-old foliage was again correl ated with
Na. In foliage grown in elevated [CO,], Az Was significantly
correlated with N, only in January (Figure 7b). In current-year
needles, As; was significantly related to N, in July and Sep-
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—8— middle 98
—4A— upper 98
0.0 T T T T T T T T T T T T T
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A_(570)/A_(370)

0.5 4

Figure 4. Seasona changes in the [CO,] enhancement ratio for
1-year-old (1997) and current-year (1998) foliage, by canopy posi-
tion, of 13-year-old loblolly pine trees. The enhancement ratio is the
ratio of light-saturated net photosynthesis (Ag:; imol m=2 s™%) of fo-
liage grown and measured at 570 pmol mol ~ to that of foliage grown
and measured at 370 umol mol ~%. Valuesaremeans+ 1 SE of n=30b-
servations and include both unfertilized and fertilized treatments.
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Figure 5. Light-saturated net photosynthesis (Asx) as a function of
treatment for 1-year-old foliage (1997) measured in June (&) and for
current-year foliage (1998) measured in July (b) and September (c).
Values are means = 1 SE of n = 3 observations. Measurement condi-
tions: PPFD =1600 umol m~2 s™%; chamber temperature = 26.5 °C;
and vapor pressure deficit < 1.5 kPa.
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Figure 6. Seasona changesin () light-saturated net photosynthesis
(A, measured at PPFD = 1600 umol m™2s72), (b) leaf conductance
(g)) and (c) the Gi/C, ratio at Ag for first flush 1-year-old (1997) and
current-year (1998) foliage growing on branches initiated in 1992
(lower), 1994 (middle) and 1996 (upper). Values are means + 1 SE of
n = 3 observations and represent the mean across fertilization and
[CO,] treatments. Symbols: @ = lower, 1997; B = middle, 1997; A =
upper, 1997, O = lower, 1998; [J = middle, 1998; and A = upper,
1998.

tember, but not in January, in foliage grown in ambient [CO,]
(Figure 7c), and in July and January, but not September, in fo-
liage grown in elevated [CO,] (Figure 7d). Within a growing
season, Ag Of foliage grown in elevated [CO,] was signifi-
cantly higher for agiven foliar N4 than that of foliage grown at
ambient [CO,].

Response curves

Equation 1 accounted for 80 to 95% of the variancein A/PPFD
across al treatments. For this analysis, Ry was fixed at
0.35 umol m™2s™, Fertilizer generally increased modeled A,
but the increase was significant only in January for 1-year-old

Table6. Foliar dark respiration rates (Ry, imol m=2s7%) for 1-year-old
(1997) and current-year (1998) foliage of 13-year-old loblolly pine
trees. Measurements were made at three canopy positions on
branches initiated in 1992 (lower), 1994 (middle) and 1996 (upper).
Within atreatment comparison, different lettersfollowing valuesindi-
cate asignificant difference at a = 0.05. Anayses were performed on
measurements made in April and July for 1-year-old foliage (1997)
and July, October and January for current-year foliage (1998).

Treatment/ One-year-old foliage  Current-year foliage
canopy position

Unfertilized 0.32a 0.33a

Fertilized 0.36a 0.35a

Ambient [CO,] 0.36a 0.36a

Elevated [CO,] 0.32a 0.33a

Upper 0.38a 0.38a

Middle 0.33b 0.34b

Lower 0.32b 0.30c

foliage and in October and January for current-year foliage
(Table 7). During these periods, fertilization increased mod-
eled Ay by 1410 23%. Fertilization generally had no effect on
LCP or Q. Elevated [CO,] amost always increased modeled
A« and decreased LCP on three of the six sample dates, and
increased Q on four of the six dates. Averaged acrossall dates,
elevated [CO;] increased modeled Ay by 66 and 49%, de-
creased LCP by 16 and 29% and increased Q by 13 and 33%in
1-year-old and current-year foliage, respectively. There was
no significant fertilization by [CO,] treatment interaction for
any A/PPFD variable. When both fertilization and elevated
[CO,] significantly increased modeled A« (1-year-old foliage
in January, current-year foliage in September and January),
the combined effect was additive, resulting in a doubling of
modeled Ag; compared with unfertilized trees grown in ambi-
ent [CO,]. The A/PPFD response varied within the crown. Up-
per- and middle-canopy foliage had significantly higher
modeled A, than lower-canopy foliage. Canopy position gen-
eraly had no effect on LCP or Q and there were no significant
treatment by position interactions for any variable.

The A/C; curve analyses are summarized in Table 8. There
were no significant fertilization or [CO;] treatment effects on
either Vimax OF Jnax, €XCept in 1-year-old foliage in January
when both fertilizer and elevated [CO,] treatments increased
Vemax- BeCaUse W, did not vary with fertilization or [CO,]
treatment, Vema @Nd Jiex ON @mass basis a'so did not change.
Canopy position did not significantly affect either Vima Or
Jmax, €XCEPL in newly expanded current-year foliage in July
when upper-canopy branches had significantly higher Vemex
and Jna than middle- and lower-canopy branches. Values of
Vemax ranged between 22.0 and 50.0 umol m™2s™ and val ues of
Jmax ranged between 45.0 and 90.0 pmol m= s, Both Ve
and Jyax were significantly higher in current-year foliage than
in 1-year-old foliage in July (P < 0.01), but not in September
(P =0.25). Therewas no significant treatment or treatment by
canopy position interaction effect on Vemax OF Jnax-
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Figure 7. Relationship between light-saturated net photosynthesis (As) and leaf nitrogen concentration (N,) at different times of the year for first
flush 1-year-old (1997) (aand b) and current-year (1998) (c and d) foliage in ambient [CO,] (aand c) and elevated (ambient + 200 umol mol )
[CO;] (b and d). Datafor each curve are pooled across unfertilized and fertilized treatments. Values are the means of three observations.

Discussion

We used whole-tree, open-top chambers to expose the above-
ground portions of large loblolly pine trees to elevated [CO,].
Compared with the branch chamber approach (Liu and Teskey
1995, Teskey 1995, Murthy et al. 1996), whole-tree open-top
chambers allow exposure of the whole canopy to elevated
[CO,], thereby eliminating possible source-sink imbalances
associated with exposing only a portion of the canopy to ele-
vated [CO,] (Groninger et a. 1999). Despite these advantages,
open-top chambers may alter the canopy microenvironment
with respect to temperature, humidity, light and wind. In our
study, there was little difference in soil water availability be-
tween the inside and outside of the chamber. Outside and
chamber air temperatures were also similar. We did not mea-
sure PPFD at similar canopy positions outside the chambers,
so wedo not know the absol ute reduction in availablelight due
to the chamber walls at these positions. However, W, and the
A/PPFD and A/C; parameters for foliage at mid-canopy inside
and outside of the chambers were similar, indicating that

chamber foliage did not acclimate significantly to the chamber
light conditions. Tree root systems extended well beyond the
perimeter of the chambersand were not directly exposed to el-
evated [CO,], thus we could not evaluate root responses (but
see Saxe et al. 1998, Matamala and Schlesinger 2000, An-
drews and Schlesinger 2001).

Changes in branch architecture (needle length, fascicle
number and flush length) in trees grown in elevated [CO,]
were similar to those measured in branch chambers (Teskey
1995, Murthy and Dougherty 1997). Fertilization and el evated
[CO;] increased branch leaf area and the combined treatments
were additive. Generally, the effect of elevated [CO,] on flush
length was comparableto or greater than the effect of fertiliza-
tion, but fertilization and elevated [ CO,] differentialy affected
other branch characteristics. Foliage growth response to ele-
vated [CO,] was less than the response to nutrient amend-
ments. Elevated [CO,] increased needle number per branch
but had either no effect or slightly decreased internode length.
Foliage density, defined as leaf area per unit stem length,
tended to increase in response to fertilization and decrease in
response to elevated [CO,].
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Table 7. Photosynthetic parameters derived from A/PPFD curves (Equations 1 and 2). Measurements were made at three canopy positions on
branchesinitiated in 1992 (lower), 1994 (middle) and 1996 (upper). Meanswithin atreatment followed by adifferent |etter are significantly differ-
ent at o = 0.05. See text for measurement conditions.

Treatment/canopy position One-year-old foliage Current-year foliage

January April July September July September January
Light saturated net photosynthesis (modeled As)
Unfertilized 449 a 745a 374a 4.32a 5.01a 497 a 325a
Fertilized 552b 8.04a 4.09 a 5.45a 498a 599b 3.72b
Ambient [CO,] 384a 6.36 a 272a 35la 374a 396 a 274a
Elevated [CO,] 6.18b 9.13b 510b 595a 7.00b 4.23b 4.23b
Upper 4,99 ab 8.58 a 4.75a 580a 550a 6.45a 345ac
Middle 6.42b 82la 420a 4.88b 549 a 593a 4.09 ab
Lower 462a 6.44b 2.78b 353¢c 3.99b 4.07b 291c
Light compensation point (LCP)
Unfertilized 149a 20.0a 359a 3R24a 24.1a 3l2a 3b.3a
Fertilized 169a 205a 476 a 36.9a 218a 299a 36.1a
Ambient [CO,] 16.8a 212a 426a 41.1a 246a 37.1a 42.1a
Elevated [CO] 151b 193a 40.8a 284 a 212a 24.0b 29.4b
Upper 165a 196a 62.7 a 299a 241a 26.9a 36.7a
Middle 16.0a 20.7a 23.8b 28.8a 219a 28.0a 31.0a
Lower 154a 205a 38.7ab 459a 226a 36.8b 395a
Apparent quantumyield (Q)
Unfertilized 0.025 a 0.018 a 0.015a 0.012 a 0.016 a 0.013 a 0.012 a
Fertilized 0.022 a 0.018 a 0.012a 0.012a 0.018 a 0.012a 0.011a
Ambient [CO;] 0.022 a 0.017 a 0.012 a 0.010a 0.015a 0.011a 0.010a
Elevated [CO,] 0.025b 0.019a 0.014 a 0.014b 0.018 a 0.015b 0.013b
Upper 0.023 a 0.019a 0.010 ab 0.012a 0.016 a 0.014 a 0.011a
Middle 0.023a 0.017 a 0.017 a 0.013a 0.018 a 0.014 a 0.012 a
Lower 0.025 a 0.018 a 0.013b 0.01l1la 0.017a 0.011b 0.01lla

Table 8. Photosynthetic parameters derived from A/C; response curves using the Farquhar biochemical model (Farquhar and von Caemmerer
1982). Measurements were made at three canopy positions on branchesinitiated in 1992 (lower), 1994 (middle) and 1996 (upper). Meanswithina
treatment followed by a different letter are significantly different at o = 0.05. See text for measurement conditions.

Treatment/canopy position One-year-old foliage Current-year foliage

January April July September  July September  January
Maximum carboxylation rate (Vemex)
Unfertilized 26.8a 410a 328a 435a 42.7a 470a 313a
Fertilized 33.4b 413a 37.3a 437a 47.1a 48.6a 410a
Ambient [CO,] 271a 410a 338a 424 a 46.4 a 449 a 374a
Elevated [CO,] 32.8b 412a 36.7a 447 a 433a 50.7 a 35.0a
Upper 319a 432a 326a 400a 52.3a 50.7 a 40.1a
Middle 284 a 422a 36.2a 425a 406 b 46.1a 349a
Lower 295a 3B.la 339a 53.4a 41.7b 46.5a 335a
Maximum electron transport (Jmax)
Unfertilized 46.5a 62.8 a 5l4a 705a 65.6 a 785a 57.2a
Fertilized 535a 63.4a 59.1a 722a 735a 81.0a 720a
Ambient [CO,] 48.3a 60.3a 53.6a 70.7a 722a 788 a 69.5a
Elevated [CO,] 51.6a 65.8a 575a 718a 66.9 a 80.6 a 59.7 a
Upper 52.7a 67.2a 50.3a 69.2a 832a 86.8a 704 a
Middle 494 a 65.5a 53.6a 70.1a 63.1b 755a 63.6 a
Lower 47.7a 61.7a 53.1a 85.2a 62.3b 76.9a 59.8a
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Neither fertilization nor [CO,] treatment atered Wh.
Murthy and Dougherty (1997), who used branch chambers on
trees in the same stand, measured a small but significant in-
crease in W, (~ 5%) in fertilized trees, but found that elevated
[CO,] had no effect. In other studies, elevated [CO,] signifi-
cantly increased W, in loblolly pine seedlings (Tissue et al.
1993) and large trees (Ellsworth et al. 1998). Generally, ele-
vated [CO,] significantly reduces mass-based foliar nitrogen
concentration (Ny) (Drake and Gonzalez-Meler 1996), which
may have important consequences for long-term growth and
carbon allocation (Curtis and Wang 1998). In our study, ele-
vated [CO;] had no effect on seasonal patterns of foliar Ny in
either foliage age class. Therewasa so no [CO,]-induced dilu-
tion of foliar nitrogen on amass (Ny) or area(N,) basis, proba-
bly because roots extended well past the chamber edges and
competed for nutrients with trees grown in ambient [CO;]
(Kurt Johnsen, unpublished data). Effectsof elevated [CO,] on
foliar nitrogen in other studies vary. Tissue et al. (1993) re-
ported 30% reductions in Ny, in seedlings grown in elevated
[CO;] in open-top chambers. Teskey (1995), using branch
chambers, reported no [CO,]-induced dilution of foliar [N],
whereas Murthy et al. (1996), in asimilar experiment, found a
10% decrease in [N] in response to elevated [CO,]. Ellsworth
et a. (1998) aso reported a 10% reduction in needle [N] in
FACE-exposed loblolly trees.

In our study, fertilization caused alargeincreasein growth,
but its effect on leaf physiology was less clear. Fertilization
rarely had a significant effect on Ag. However, the A/PPFD
analysisindicated that modeled As; Was higher infertilized fo-
liage than in unfertilized foliage. When data were pooled
across the year, fertilization significantly increased modeled
As by 15 and 12% in 1-year-old and current-year foliage, re-
spectively. Reports on the impact of fertilization on photosyn-
thetic rates of loblolly pine are mixed. Murthy et a. (1996),
who studied trees in the same stand as our study, measured a
20% increase in Ay 2 years after the fertilization treatments
began; however, in a follow-up study 4 years later, Gough
(2000) found no effect of fertilization. Samuelson et al. (2001)
and Will et al. (2001) also reported that fertilization had no ef-
fect on photosynthetic rates of loblolly pine despite relatively
large differencesin foliar [N]. However, in both of these stud-
ies, foliar [N] of unfertilized treeswas= 1.3%, whichissimilar
to the foliar [N] of our fertilized trees. Fertilization-induced
increasesin net photosynthesisinlablolly pinetreeswill likely
occur only on nutrient-poor soils where fertilization increases
leaf nitrogen concentration 30% or more (Fife and Nambiar
1997, Samuelson et a. 2001), and may be ephemeral or sea-
sonal in nature. Thelack of aconsistent fertilizer effect on At
may be associated with seasonal variation in the Ax/Na rela-
tionship. Variation in the slope of the Ax/N4 relationship may
reflect seasonal shiftsin foliar N partitioning between photo-
synthetic proteins and forms that are more easily transported
(e.g., amino acids) to growing sinks. For example, in July there
was aweak or nonsignificant correlation between Ay and N
in 1-year-old foliage (97 cohort), whereas Ag; in current-year
foliage (98 cohort) was significantly correlated with Na. This
difference would be consistent with developing foliage invest-

ing most assimilated nitrogen in chlorophyll and
photosynthetic proteins. Changesin N nutrition may alter ni-
trogen partitioning among cellular components. Nitrogen in
excess of that needed for photosynthetic biochemistry islikely
stored as amino acids (Yoder et a. 1994). Keeping N inamo-
bile form would support subsequent flushes during the grow-
ing season, becauseloblolly pineisopportunistic and can have
2—-4 flushes per year depending on soil resources and environ-
mental conditions. Fertilization had no effect on foliage dark
respiration rates (Ry), and Ry was not significantly correlated
with N4 or Ny. We previously found that fertilization increases
coarse root, branch and stem respiration (Maier et al. 1998,
Maier 2001), but has no effect on fine root respiration (Maier
2000).

Effects of elevated [CO,] on leaf physiological characteris-
ticswere consistent with other datafor largeloblolly pinetrees
after long-term exposure to elevated [CO,] (Ellsworth et a.
1995, Liu and Teskey 1995, Teskey 1995, Murthy et al. 1996,
Ellsworth et al. 1998, Ellsworth 1999, Myerset al. 1999). Ele-
vated [CO,] increased modeled Ag, decreased LCP and in-
creased quantum efficiency. Mean photosynthetic enhance-
ment by [CO,] enrichment was 82%, which is higher than the
50—-60% enhancement measured in similar aged loblolly pine
trees exposed by FACE to asimilar elevated [CO,] treatment
(ambient + 200 pmol mol™) (Ellsworth 1999, Myers et al.
1999), but falls within the range reported by Liu and Teskey
(1995) and Murthy et a. (1996). Theory and empirical evi-
dence suggest that the stimulatory effects of elevated [CO,] on
net photosynthesis will increase with temperature (Drake and
Gonzalez-Meler 1996). We detected no seasonal variation in
the enhancement ratio, perhaps because of the broad photo-
synthetic temperature optimum for this species (Teskey et al.
1994a); however, photosynthetic enhancement by elevated
[CO,] was strongly temperature-dependent in loblolly pine
saplings(Lewiset al. 1996) and largetrees (Myerset al. 1999).
Based on aseries of studies, Groninger et a. (1999) concluded
that loblolly pine exhibits minimal photosynthetic acclimation
to elevated [CO,]. Similarly, we found no significant down-
ward acclimation to elevated [CO,] in the capacity for [CO,)
carboxylation (Vemax) Or maximum electron transport (Jyax) de-
spite the large differencesin soil nitrogen availability. The ab-
sence of an acclimation response may be partially explained
by thelack of a[CO,] effect onfoliar [N] and the negligible ef-
fect onfoliar nonstructural carbohydrates. Elevated [CO,] had
no effect on g, (Liu and Teskey 1995, Murthy et al. 1996,
Ellsworth 1999) or C;/C,. Mean C;/C,was 0.67, which issimi-
lar to the values reported by Liu and Teskey (1995) (0.58—
0.65) and Ellsworth et a. (1995) (0.67). We observed some
seasonal variation in C;/C, that was probably associated with a
differential effect of increased soil water content on g, and A
(Ellsworth 1999). We found no effect of long-term exposure to
elevated [CO;] on foliage dark respiration rates (Ry). Thesere-
sults are consistent with those reported for FACE-exposed
loblolly pine (Hamilton et al. 2001).

Winter Ag; of loblolly pine was 70% of the seasonal maxi-
mum, which is similar to that reported for slash pine (Pinus
eliottii Engelm.) (Teskey et al. 1994b), indicating that loblolly
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pine has the potential for substantial carbon gain during the
non-growing season. Despitetherelatively high penetration of
light within the canopy (PPFD in the lower canopy was about
50% less than in the upper canopy), there were significant
morphological and physiological differencesattributed to can-
opy position. Leaf massper unit area, Na, A and Ry decreased
with crown depth. Mean W, ranged between 65 and 108 gm~2,
which wasrelatively high compared with other studies (Tissue
et al. 1997, Zhang et a. 1997, Ellsworth et al. 1998). Leaf
mass per unit area is an important canopy trait that is often
highly correlated with light availability (Niinemetset al. 1998)
and is related to carbon and nitrogen allocation (Evans 1989,
Reich and Walters 1994). Within the canopy, variation in Ag
was more likely aresult of variation in W), than of variationin
leaf biochemistry because there was little difference in A/C;
within the canopy. Theoretically, carbon and nitrogen are alo-
cated within the canopy to optimize light-use efficiency (Ev-
ans 1989, Jarvis 1993) and numerous studies have shown that,
within the crown, W,, nitrogen distribution and Ay are
strongly correlated with light availability (Hirose and Werger
1987, DeJong et al. 1989, Ellsworth and Reich 1993, Brookset
al. 1996, Hollinger 1996, Schoettle and Smith 1998, Bonds et
al. 1999, Rosati et al. 1999). However, the relationship within
coniferous canopies that maintain low LAI is less clear. In
Pinus pinaster Ait. plantations, Porte and Loustau (1998)
found a positive relationship between W,, A and light avail-
ability, but Warren and Adams (2001) found little or no rela
tionship. Zhang et a. (1997) artificialy induced changes in
W, in loblolly pine trees by differentially shading branches
and found a strong correlation between Ag; and Wi,

Dark respiration (Ry) varied with canopy position. Because
net photosynthesis and respiration are tightly coupled
(Ceulemans and Saugier 1991), environmental changes that
affect photosynthesis will likely cause a concomitant change
in respiration such that a constant ratio of respiration and pho-
tosynthesis (R:P) is maintained (Amthor 1994). Zhang et
al. (1997) found that R:P was similar for artificially shaded
branches and unshaded controls. In our study, R:P was similar
in upper- and middle-canopy foliage, but was higher in lower-
canopy foliage.

Generally, [CO,] by fertilization interaction effects on mor-
phology and physiology were negligible. In the few cases
where both fertilization and elevated [CO,] had a significant
effect (e.g., branch leaf area, modeled As), the combined
effect of fertilization and [CO,] wasusually additive. Thesere-
sults are consistent with previous studies showing that field-
grown loblolly pine exhibits only minor photosynthetic accli-
mation after long-term growth in elevated [CO,] (Saxe et al.
1998, Groninger et a. 1999). In our study and a related
loblolly pine experiment using the same fertilization treatment
under Free Air Carbon Enrichment (FACE), stem growth did
not occur or was minor in unfertilized plots exposed to ele-
vated [CO;], but was substantial in fertilized plots exposed to
elevated [CO,] (Oren et a. 2001). Our data suggest that
young- to mid-rotation loblolly pine stands exposed to ele-
vated [CO,] exhibit increased photosynthetic carbon gain;

however, increasesin total carbon gain do not translateinto en-
hanced growth unless soil nutrition supply is adequate.

The extra carbon fixed in response to elevated [CO,] must
have been allocated to processes other than aboveground
wood formation. Elevated [CO,] generally increases second-
ary metabolites in needle extracts (Booker and Maier 2001).
Although root growth did not appear to be enhanced by ele-
vated [CO;] in our trees (Kurt Johnsen, unpublished data), re-
cent FACE studies indicate that elevated [CO,] increases
belowground carbon alocation by increasing fineroot produc-
tion and root turnover (Matamala and Schlesinger 2000), root
and rhizosphere respiration (Andrews and Schlesinger 2001)
and soil [CO,] evolution (authors' unpublished data).

In conclusion, fertilization and elevated [CO,] increased
branch leaf area, and the combined effects were additive.
However, fertilization and elevated [CO,] differentialy al-
tered needlelengths, number of fasciclesand flush length such
that flush density increased with improved nutrition but de-
creased with exposure to elevated [CO,]. We conclude that
changes in nitrogen availability and atmospheric [CO,] may
alter canopy structure, resulting in greater foliage retention
and deeper crownsin loblolly pineforests. Thismay beimpor-
tant because although loblolly pine generally has an open-
crown structure and relatively low leaf area, the species exhib-
its significant variation in leaf morphological and physiologi-
cal traitsrelated to light flux density. These differences should
be considered when modeling canopy assimilation. Elevated
[CO,] increased net photosynthesis and photosynthetic effi-
ciency and lowered the light compensation point, whereas fer-
tilization had little consistent effect on foliage gas exchange.
We observed few significant interactions among fertilization,
[CO,] and canopy position on branch physiology, and there
was no indication of long-term photosynthetic acclimation.
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