
Summary Concentrations of total soluble phenolics,
catechin, proanthocyanidins (PA), lignin and nitrogen (N)
were measured in loblolly pine (Pinus taeda L.) needles ex-
posed to either ambient CO2 concentration ([CO2]), ambient
plus 175 or ambient plus 350 µmol CO2 mol–1 in branch cham-
bers for 2 years. The CO2 treatments were superimposed on a
2 × 2 factorial combination of irrigation and fertilization
treatments. In addition, we compared the effects of branch
chambers and open-top chambers on needle chemistry. Pro-
anthocyanidin and N concentrations were measured in needles
from branch chambers and from trees in open-top chambers ex-
posed concurrently for two years to either ambient [CO2] or
ambient plus 200 µmol CO2 mol–1 in combination with a fertil-
ization treatment. In the branch chambers, concentrations of to-
tal soluble phenolics in needles generally increased with needle
age. Concentrations of total soluble phenolics, catechin and PA
in needle extracts increased about 11% in response to the ele-
vated [CO2] treatments. There were no significant treatment ef-
fects on foliar lignin concentrations. Nitrogen concentrations
were about 10% lower in needles from the elevated [CO2] treat-
ments than in needles from the ambient [CO2] treatments. Solu-
ble phenolic and PA concentrations were higher in the control
and irrigated soil treatments in about half of the comparisons;
otherwise, differences were not statistically significant. Needle
N concentrations increased 23% in response to fertilization.
Treatment effects on PA and N concentrations were similar be-
tween branch and open-top chambers, although in this part of
the study N concentrations were not significantly affected by
the CO2 treatments in either the branch or open-top chambers.
We conclude that elevated [CO2] and low N availability af-
fected foliar chemical composition, which could in turn affect
plant–pathogen interactions, decomposition rates and mineral
nutrient cycling.

Keywords: catechin, CO2 enrichment, lignin, nutrition, pro-
anthocyanidins, secondary compounds, tannins.

Introduction

The utilization of photosynthate for carbon (C)-based second-
ary metabolites such as phenolic compounds depends on the
plant species, the developmental stage of the plant and re-
source availability (Herms and Mattson 1992). If elevated
CO2 concentration ([CO2]), which increases C supply, or min-
eral nutrient deficiency, which decreases C demand, makes C
available in excess of that needed for growth and mainte-
nance, it could be used to construct C-based secondary metab-
olites such as flavonoids, proanthocyanidins (PA), lignin and
other phenolic compounds (Bryant et al. 1983, Waterman and
Mole 1989, Herms and Mattson 1992, Lindroth 1996, Poorter
et al. 1997, Peñuelas and Estiarte 1998). In contrast, sufficient
mineral nutrient availability, which promotes optimal growth,
might result in lower allocation to secondary metabolites
(Bryant et al. 1987, Waterman and Mole 1989, Herms and
Mattson 1992). Among mineral nutrients, nitrogen (N), in
particular, has been shown to affect phenolic accumulation in
several plant species (Bryant et al. 1987, Waterman and Mole
1994, Lindroth 1996, Peñuelas and Estiarte 1998).

The objective of this study was to determine if elevated
[CO2], irrigation and fertilization affect the concentrations of
phenolic compounds and N in loblolly pine (Pinus taeda L.)
needles. Needles were obtained from trees exposed to [CO2],
irrigation and N fertilization treatments in the field using both
branch and open-top chambers for the CO2 treatments. The
study comprised three parts: (1) a year-long seasonal profile
of soluble phenolic concentrations in one needle cohort from a
branch chamber study; (2) a detailed examination of needle
phenolic composition and N concentration after one growing
season in a branch chamber study; and (3) a comparison after
one growing season of PA and N concentrations in needles ob-
tained from trees treated using branch chambers versus
open-top chambers during a concurrent time period. The
chamber comparison study was conducted to determine if
branch chamber exposure methods allow full quantification of
potential physiological adjustment to long-term exposure to
elevated [CO2], even though the source of increased photo-
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synthesis (the branch) is much smaller than the potential sink
(the entire tree) (Saxe et al. 1998).

Materials and methods

Study site and design

The study site was established in the North Carolina Sandhills,
Scotland County, NC, USA (35° N, 79° W). Annual air tem-
perature and precipitation averaged 17 °C and 121 cm, respec-
tively, although periods of drought often occurred during the
growing season. The soil is a well-drained, deep sand, thermic
psammentic Hapludult belonging to the Wakulla series (Al-
baugh et al. 1998). In March 1985, the site was planted with a
mixture of 10 half-sib families of North Carolina, piedmont,
loblolly pine seedlings and was thinned to 1260 trees ha–1 in
1992. Understory vegetation was controlled mechanically and
by applications of glyphosate.

The study was a split-plot design with 2 × 2 factorial combi-
nation of irrigation and fertilization. Four treatment combina-
tions (control, irrigated, fertilized, and irrigated + fertilized)
were assigned randomly to one of four treatment plots in each
of four blocks. Treatment plots were 50 × 50 m with interior
sampling plots of 30 × 30 m. Fertilization treatments began in
March 1992 and consisted of either no addition or periodic ap-
plications of N, P, K, S, Ca, Mg and B as needed to provide op-
timum tree nutrition (Allen 1997, Albaugh et al. 1998).
Irrigation treatment, which began in April 1993, was applied
to maintain soil water content at greater than 3 cm of soil water
in the surface 50 cm of soil (40% available water content) as
determined from volumetric soil water measured by time do-
main reflectometry (Albaugh et al. 1998). The irrigation con-
trol received natural precipitation only.

The CO2 treatments were applied in 0.7-m diameter ×
1.52-m tall branch chambers (Teskey et al. 1991) on three
mid-crown branches of a randomly selected tree in each plot
(16 trees total). Exposures began in March 1993 and continued
throughout the study period 24 h daily. The [CO2] in each
chamber was monitored twice hourly with an infrared CO2 an-
alyzer (Model 6262, Li-Cor, Inc., Lincoln, NE), which was
calibrated weekly with pressurized CO2 standards spanning
the range of concentrations used in the experiment. Carbon di-
oxide treatments were ambient air (AA), ambient air plus
175 (+175), or ambient air plus 350 (+350) µmol CO2 mol–1.
Mean daily (0800–2000 h EST) [CO2] in the three CO2 treat-
ments in 1993 and 1994 was 382 ± 20 (SD), 556 ± 33 and
739 ± 52 µmol mol–1, respectively. Temperatures in the
branch chambers were 1 to 3 °C warmer than ambient air tem-
perature, and photosynthetic photon flux density (PPFD) in-
side the chambers was about 50% less than that above the
canopy (Murthy et al. 1996).

For the comparative study of branch and open-top cham-
bers, CO2 treatments were applied in either branch or
whole-tree open-top chambers to randomly selected trees in
each of three blocks in the control and fertilized treatment
plots (12 trees total). Trees were enclosed in 3-m diameter
open-top chambers. The chamber design was similar to that

described by Heagle et al. (1989), but the chambers extended
vertically to enclose the tree canopy (up to 12 m). Exposures
began in March 1996 and continued 24 h daily until the end of
the study in January 1999. Carbon dioxide treatments were
ambient air (AA) or ambient air plus 200 (+200) µmol CO2

mol–1. Daily mean [CO2] for the study was 375 ± 27 and 582 ±
36 µmol for the AA and +200 treatments, respectively.

Needle sampling

To study the seasonal profile of soluble phenolics, samples
(three fascicles) of the first flush of foliage formed in 1993
were obtained four times between September 1993 and Sep-
tember 1994 from each branch chamber. Samples were
oven-dried at 65 °C and stored in the dark at 25 °C. To study
needle phenolic and N composition, samples (10 fascicles) of
the first flush of foliage formed in 1994 were taken from each
branch chamber in November 1994. These samples were
freeze-dried and stored in a desiccator at –20 °C. For the com-
parative study of chamber design, samples (20 fascicles) of the
first flush of foliage formed in 1998 on a mid-crown branch
were taken from branch and open-top chambers in November
1998. These samples were also freeze-dried and stored in a
desiccator at –20 °C. Samples were analyzed for N concentra-
tion with an NCS elemental analyzer (NA 1500 Carlo-Erba
Analyzer, Fison Instrument, Danvers, MA).

Extraction of soluble components

Needle samples were ground to pass a 0.5-mm mesh screen.
Tissue samples (50 mg) were extracted three times with 1 ml
of 70% acetone with mixing for 30 min at 25 °C, except for the
catechin assay, in which case samples were extracted with
50% methanol. Following each extraction, the insoluble mate-
rial was pelleted by centrifugation (16,000 g, 5 min), and the
supernatants were pooled by sample. In a preliminary experi-
ment with the PA assay, two additional extractions of the in-
soluble fractions with 1 ml of 70% acetone indicated that the
efficiency of the extraction procedure averaged 100%.

Total phenolics assay

Total phenolic concentration in the soluble fraction was deter-
mined by the Folin-Ciocalteu method (Booker et al. 1996).
Samples were diluted 1:10 with 70% acetone, and duplicate
50-µl aliquots were each mixed with 475 µl of 0.25 N
Folin-Ciocalteu reagent (Sigma Chemical Co., St. Louis, MO)
followed 3 min later by 475 µl of 1 M Na2CO3. After 1 h,
absorbance of the solutions was measured at 724 nm. Catechin
was used to prepare a standard curve, and results were ex-
pressed as catechin equivalents per g dry mass. Catechin is de-
tected by the total phenolic assay, but not by the PA assay
(Scalbert 1992)

Catechin assay

Needle tissue samples were extracted with 50% methanol, fil-
tered (0.2 µm), and 20-µl aliquots were fractionated by re-
versed-phase HPLC as previously described by Booker et al.
(1996). Catechin was identified on chromatograms by peak re-
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tention time, co-chromatography with a catechin standard
(Sigma Chemical Co., St. Louis, MO) and similarity of UV
spectra between the fraction containing the peak of interest
and a catechin standard (λmax = 282 nm).

Proanthocyanidin assay

Proanthocyanidin concentration was determined by oxidative
depolymerization of anthocyanidins in acid butanol (Porter et
al. 1986). Duplicate 100-µl aliquots of the soluble fraction
were mixed with 900 µl of methanol followed by 6 ml of acid
butanol (50 ml l–1 concentrated HCl in n-butanol) and 200 µl
of 20 g l–1 FeNH4(SO4)2 × 12 H2O in 2 N HCl. In the chamber
comparison study, the insoluble material was resuspended in
1 ml of n-butanol, centrifuged (16,000 g, 3 min), and the
supernatant discarded. The insoluble residue was mixed with
900 µl of methanol and the acid butanol assay reagents. To
control for substances in the extracts that might interfere with
the PA assay, a 100-µl aliquot of each soluble fraction was
mixed with 900 µl of methanol followed by 6 ml of n-butanol
and 200 µl of H2O. The solutions and mixtures were incubated
in sealed tubes in a water bath at 90 °C for 40 min and then
cooled. Preparations containing the insoluble fraction were
clarified by centrifugation (3400 g, 5 min). Absorbance of the
solutions at 550 nm was measured immediately. Values were
corrected for interfering substances by subtracting the
absorbance at 550 nm of preparations containing the n-butanol
and H2O reagents from those containing the acid butanol re-
agents (Waterman and Mole 1994). A standard curve was con-
structed based on PA purified from leaf tissue collected from
the crown of a tree in an irrigated plus fertilized treatment plot
(see below), and assay results were expressed as PA equiva-
lents per g dry mass. Concentrations of PA in the chamber
comparison study were determined by summing values de-
rived from the soluble and insoluble fractions. Proantho-
cyanidin concentration in the insoluble fraction averaged 2%
of the total concentration.

Proanthocyanidins were purified from needle tissue by ad-
sorption chromatography (Sephadex LH-20, Sigma Chemical
Co., St. Louis, MO) as described previously (Booker 2000).
The UV spectrum of purified PA dissolved in water showed
λmax at 206 and 274 nm, and a λsh at 240 nm. An IR spectrum of
purified PA was obtained with a KBr pellet (1 mg sample in a
13 mm pellet) on an FT-IR spectrometer (Model 16C,
PerkinElmer Analytical Instruments, Norwalk, CT) (Fig-
ure 1). Absorption bands at 1534, 1520, 1344, 1204, 1040,
800 and 730 cm–1 indicated that the polymer was mainly of the
prodelphinidin type with the monomers having the cis config-
uration (i.e., the monomer units being mainly of the epigallo-
catechin type) (Foo 1981). The acid butanol assay of purified
PA dissolved in 70% acetone yielded a mean E1%,550 nm value of
518. The UV and IR spectra and E1% values of the purified PA
indicated that it was reasonably free of contaminants and ac-
ceptable for use as a standard.

Lignothioglycolic acid assay

The insoluble fraction from the 70% acetone extractions was

freed of additional extractive components by washing twice
with methanol:chloroform:H2O (2:1:0.8, v/v), three times
with liquefied phenol:acetic acid:H2O (1.1:1:0.9, v/v), once
with ethanol and three times with acetone, with centrifugation
(16,000 g, 5 min) between washings (Friend 1992). Samples
were dried at 70 °C and stored in a desiccator in the dark.

Lignin concentration in the extractive-free tissue samples
was measured by the thioglycolic acid method (Whitmore
1976, Booker et al. 1996). Extractive-free samples were first
hydrolyzed with 900 µl of 1 N NaOH overnight at 25 °C on a
tube rocker to solubilize esterified phenylpropanoid com-
pounds that might otherwise be extracted by thioglycolic acid.
Samples were then acidified to pH 2 with 2 N HCl, centrifuged
(16,000 g, 5 min) and the supernatants discarded. The pellets
were washed with 1 ml of H2O, centrifuged and the super-
natants discarded. The residues were mixed with 900 µl of 2 N
HCl and 100 µl of thioglycolic acid (Sigma Chemical Co, St.
Louis, MO) in a screw-top microcentrifuge tube. The micro-
centrifuge tubes were placed in pressure tubes and heated at
100 °C for 4 h. The residues were recovered by centrifugation,
washed twice with 1 ml of H2O, resuspended in 1 ml of 1 N
NaOH and mixed overnight at 25 °C. Afterward, the
supernatants were recovered by centrifugation, the residues
washed with 1 ml of H2O, centrifuged, and the supernatants
pooled by sample. Supernatants were mixed with 100 µl of
concentrated HCl and incubated at 4 °C for 3 h. The resulting
precipitates (lignothioglycolic acid, LTGA) were collected by
centrifugation, washed with H2O and centrifuged again. The
pellets were then dissolved in 1 ml of 1 N NaOH. Aliquots
were diluted 1:80 with 0.1 N NaOH, and absorbance of the
samples was measured at 280 nm. Aliquots of undiluted solu-
tions were mixed with concentrated HCl, the precipitates
freeze-dried and used to construct a standard curve (E1%,280 nm

= 134). Results were expressed on a dry mass basis as mg
LTGA gdm

–1.
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Figure 1. Infrared spectrum of purified PA prepared from loblolly
pine needles in a KBr pellet. Absorption bands at 1534, 1520, 1344,
1204, 1040, 800 and 730 cm–1 (indicated by arrows) are characteristic
of a polymer mainly of the prodelphinidin type with the monomers
having the cis configuration (i.e., the monomer units being mainly of
the epigallocatechin type) (Foo 1981).



Nonstructural carbohydrates assay

Starch and soluble sugars were determined enzymatically by
the UV method (R-Biopharm, Inc., Marshall, MI). To
solubilize starch, tissue samples (25 mg) were each mixed
with 2.4 ml of dimethylsulfoxide and 600 µl of 8 N HCl in
sealed polypropylene tubes for 60 min at 60 °C on a tube
rocker. Samples were then neutralized with 600 µl of 8 N
NaOH and diluted to 15 ml with 112 mM citrate buffer (pH 4).
Solutions were filtered (Whatman No. 1), and duplicate 50-µl
aliquots were assayed according to kit instructions. Results
were expressed as D-glucose equivalents.

Statistics

Statistical analysis was performed with the SAS System for
Mixed Models (Littell et al. 1996). Treatments were assigned
to plots based on a randomized complete block factorial. The
CO2 treatments were treated as subplot treatments within the
whole-plot unit of soil treatment. The results were analyzed as
a split-plot design with soil amendment as the whole-plot
treatments and [CO2] as the subplot treatment. There were four
replicates of each treatment combination. For the chamber
comparison, chamber type was treated as a subplot within the
experiment. Thus, the results were analyzed as a split-plot de-
sign, with soil amendment as the whole-plot treatments, and
[CO2] and chamber treatments as the subplot treatments.
There were three replicates of each treatment combination in
this part of the study. Data were tested for homogeneity of
variance and normality before analysis. Differences were con-
sidered significant if P ≤ 0.05, and marginally significant if
P ≤ 0.1.

Results

Seasonal profile of soluble phenolics in needles

Mean concentration of total soluble phenolics extracted from
the first flush of needles initiated in 1993 generally increased
with needle age (Figure 2). Soluble phenolic concentrations
increased by about 11% overall in needle extracts from
branches exposed to elevated [CO2], although the [CO2] effect
was not statistically significant in the July 1994 samples. Soil
treatments had no significant effect on phenolic concentra-
tions on the September 1993 and February 1994 sample dates,
but phenolic concentrations were about 20% higher in needles
from the control and irrigated plots in the July and September
1994 samples compared with the fertilized plots. None of the
CO2 × soil treatment interactions were statistically significant.

Needle phenolic composition

The effect of elevated [CO2] on soluble phenolic concentra-
tions in current-year needles sampled in November 1994
showed a pattern similar to that observed for the 1993 needles.
Total soluble phenolic concentration was 5 to 11% higher in
needle extracts from branches in the elevated [CO2] treatments
compared with needle extracts from the AA treatments (Fig-
ure 3). Soil treatments had no statistically significant effect on
needle phenolic concentrations. Catechin and proantho-

cyanidin concentrations were 29 and 12% higher, respec-
tively, in needle extracts from the +350 treatments compared
with the AA treatments (Figure 3). Effects of the +175 treat-
ments on catechin and PA concentrations were not statistically
significant. Soil amendments had no significant effect on ei-
ther catechin or PA concentrations, and the CO2 × fertilized
treatment plot interaction was not significant for either mea-
surement.

Mean (± SD) LTGA yield from current-year needles sam-
pled in November 1994 was 66.4 ± 6.6 mg g–1 for all treat-
ments. No significant treatment effect or interaction was
detected.

Nitrogen concentrations were 8 to 10% lower in needles
from the elevated [CO2] treatments compared with needles
from the AA treatments (Figure 3). Nitrogen concentrations
were 23% higher in needles from the fertilized plots than in
needles from the non-fertilized plots. The CO2 × soil treatment
interaction was not significant.

Branch versus open-top chamber comparison

Mean PA concentration was 18 to 34% higher in needle ex-
tracts from the +200 treatments compared with the AA treat-
ments in both the branch and open-top chambers (Figure 4).
There was no statistically significant effect of chamber design
on PA concentrations. Mean PA concentration was 27%
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Figure 2. Mean (± SE) total soluble phenolic concentration expressed
as catechin equivalents per g dry mass in extracts from needles initi-
ated in the first flush of growth in 1993 in control (Cont), irrigated
(Irrg), fertilized (Fert) and irrigated plus fertilized (I+F) soil treatment
plots. Needles were obtained from mid-crown branches treated in
branch chambers with either ambient [CO2] (AA), ambient plus
175 (+175) or ambient plus 350 (+350) µmol CO2 mol–1 24 h daily for
up to two years. Samples of 1993 needles were obtained four times
over the course of a year (September 1993, February 1994, July 1994
and September 1994). Statistics: not significant (ns, P > 0.1), P ≤ 0.1
(†), P ≤ 0.05 (*), P ≤ 0.01 (**), P ≤ 0.001 (***).



higher in needle extracts from the control soil treatment com-
pared with the fertilized soil treatment.

In contrast to the effect of elevated [CO2] on N concentra-
tions in the 1994 needles, there was no significant effect of the
+200 treatments on N concentrations in needles sampled in
1998 from either branch or open-top chambers (Figure 4).
However, N concentration was 27% higher in needles from
fertilized trees than in needles from non-fertilized trees in both
the branch and open-top chambers. There was no significant
effect of chamber design on needle N concentrations.

Starch concentrations in needles from the branch and
open-top chambers were less than 1 mg gdm

–1. Soluble sugar
concentrations were also low, ranging from 14 to 22 mg gdm

–1.

Discussion

The increase in concentrations of total soluble phenolics and
PA in response to elevated [CO2] appears to be related to the
balance between carbohydrate sources and sinks: the greater
the source:sink ratio, the greater the concentration of phenolic
compounds (Herms and Mattson 1992, Peñuelas and Estiarte
1998). Elevated [CO2] increases this ratio by increasing fixed
C, whereas fertilization decreases it by promoting C utiliza-
tion for growth. Thus, production of phenolic compounds
could be a mechanism to shunt fixed C and recycle N when ex-
cess photosynthate is available for growth, as occurs in the
presence of elevated [CO2] (Herms and Mattson 1992,
Lambers 1993). Our results generally supported this hypothe-
sis.

Of the variables we measured, catechin concentration ex-
hibited the largest response to elevated [CO2]; it was 29%
higher in needle extracts from the +350 treatments compared
with the AA treatments. In previous studies, increased concen-
trations of catechin were measured in Scots pine (P. sylvestris
L.) needles (Ivonis 1990) and in leaves of willow (Salix
myrinifolia Salisb.) and in European white birch (Betula
pendula Roth) seedlings following treatment with elevated
[CO2] (Julkunen-Tiitto and Tahvanainen 1993, Lavola and
Julkunen-Tiitto 1994).

In addition, total soluble phenolics and PA concentrations
were generally higher in needle extracts from the elevated
[CO2] treatments than from the AA treatments. Results from
previous studies with Pinus species, however, have been
mixed. For example, in a greenhouse experiment, increased
concentrations of total soluble phenolics and PA were found in
needle extracts from loblolly pine seedlings treated from ger-
mination with 700 µmol CO2 mol–1 and low soil N for
138 days compared with control treatments (Gebauer et al.
1998). In a field experiment with 1-year-old longleaf pine
(P. palustris Mill.) seedlings grown in 45-l pots in open-top
chambers for 20 months, needle PA concentrations were
higher in the twice ambient [CO2] and low-N fertility treat-
ments than in the ambient [CO2] and high-N fertility treat-
ments (Pritchard et al. 1997). In contrast, total soluble
phenolic concentrations in needles of Scots pine (P. sylvestris
L.) trees were not significantly affected by treatment in
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Figure 3. Mean (± SE) soluble phenolics (A), catechin (B),
proanthocyanidins (C), and N (D) concentrations in samples of cur-
rent-year needles sampled in November 1994 in control (Cont), irri-
gated (Irrg), fertilized (Fert) and irrigated plus fertilized (I+F) soil
treatment plots. Needles were obtained from mid-crown branches
treated in branch chambers with either ambient [CO2] (AA), ambient
plus 175 (+175) or ambient plus 350 (+350) µmol CO2 mol–1 24 h
daily for 2 years. Statistics: not significant (ns, P > 0.1), P ≤ 0.1 (†),
P ≤ 0.05 (*), P ≤ 0.01 (**), P ≤ 0.001 (***).

Figure 4. Mean (± SE) proanthocyanidin (A) and N (B) concentra-
tions in samples of current-year needles sampled in November 1998
in control (Cont) and fertilized (Fert) soil treatment plots. Needles
were obtained from mid-crown branches treated in either branch
chambers (BC) or open-top chambers (OTC) with either ambient
[CO2] (AA) or ambient plus 200 (+200) µmol CO2 mol–1 24 h daily
for 2 years. Statistics: not significant (ns, P > 0.1), P ≤ 0.1 (†), P ≤
0.05 (*), P ≤ 0.01 (**), P ≤ 0.001 (***)



open-top chambers for 3 years with twice ambient [CO2]
(Kainulainen et al. 1998). Total soluble phenolic and PA con-
centrations were lower in needle extracts from Eldarica pine
(P. eldarica L.) seedlings treated for 2 years in open-top cham-
bers with twice ambient [CO2] (Peñuelas et al. 1996). Peñuelas
et al. (1996) explained the decrease in needle phenolic concen-
trations in response to elevated [CO2] on the basis that growth
stimulation by elevated [CO2] resulted in reduced availability
of C for allocation to soluble phenolics. However, studies with
other woody and herbaceous species have shown that leaf PA
concentrations generally increase with [CO2] enrichment or
reduced N fertility (Waring et al. 1985, Bryant et al. 1987,
Herms and Mattson 1992, Julkunen-Tiitto and Tahvanainen
1993, Lavola and Julkunen-Tiitto 1994, Lindroth 1996,
Kinney et al. 1997, Lawler et al. 1997, Poorter et al. 1997,
Peñuelas and Estiarte 1998, Booker 2000, Booker et al. 2000).

In our study, the effects of soil fertility treatments on needle
soluble phenolic and PA concentrations were inconsistent.
Soluble phenolic and PA concentrations were higher in need-
les in the control and irrigated soil treatments in about half of
the comparisons, but otherwise differences were not statisti-
cally significant. Other studies have also shown that high con-
centrations of nutrients do not consistently lead to lower
phenolic or PA concentrations (Chapin et al. 1986, Iason and
Hester 1993). Possibly, developmental regulation of phenolic
biosynthesis had a strong effect on needle phenolic concentra-
tion or soil nutrient status was not sufficiently altered by the
soil treatments to influence phenolic biosynthesis consis-
tently.

Zucker (1983) has argued that proanthocyanidins are pri-
marily defensive against microbes and can impede decompo-
sition of plant litter. Proanthocyanidins are thought to inhibit
decomposition by inactivating enzymes and precipitating pro-
teins (Tiarks et al. 1989). Through these processes, soil N
availability may be diminished (Haynes 1986, Tiarks et al.
1989). If so, increased phenolics in decomposing litter could
decrease site soil quality (Kuiters 1990). We found that pheno-
lic concentration increased with needle age and [CO2], sug-
gesting that input of PA to soil decomposition processes
would be greatest in senescent needles and would increase
with increasing atmospheric [CO2]. However, there is no con-
sistent evidence that elevated [CO2] directly affects litter de-
composition although N mineralization rates might be slowed
(Torbert et al. 1995, Peñuelas and Estiarte 1998).

We found no significant effect of elevated [CO2] or soil
amendment treatments on LTGA concentration. Similarly,
Entry et al. (1998) and Runion et al. (1999) reported that ele-
vated [CO2] did not affect lignin concentration in longleaf pine
needles. Furthermore, no statistically significant difference in
leaf lignin concentration has been observed in many herba-
ceous and woody species following treatment with elevated
[CO2] (Poorter et al. 1997, Peñuelas and Estiarte 1998, Booker
2000, Booker et al. 2000). However, Cotrufo et al. (1994)
found that lignin concentration in Sitka spruce (Picea
sitchensis (Bong.) Carr.) needles increased by 26% in seed-
lings treated with ambient plus 250 µmol CO2 mol–1 for one
growing season. In contrast, lignin concentration was lower in

leaves of Eucalyptus tereticornis (Smith) seedlings exposed to
CO2 enrichment (Lawler et al. 1997). The large variability in
the response of leaf lignin concentrations to elevated [CO2] is
poorly understood. Differences among species and environ-
mental conditions undoubtedly contribute to this variability,
as well as the methods of lignin analysis and expression of re-
sults. For example, increases in nonstructural carbohydrate
concentrations in CO2-treated plants can dilute lignin concen-
trations unless corrected for by expressing results on a struc-
tural dry mass basis (Poorter et al. 1997, Peñuelas and Estiarte
1998, Booker 2000). However, nonstructural carbohydrate
concentrations are typically low in needles during autumn and
winter months, as seen in this study and elsewhere (Roberntz
and Linder 1999), so interference by this factor should be min-
imal.

Needle N concentration in the November 1994 samples was
about 10% lower in branches exposed to elevated [CO2] than
in branches exposed to ambient [CO2] (cf. Bazzaz 1990,
Poorter et al. 1997). Decreased concentrations of foliar N were
also found in loblolly, longleaf and ponderosa (P. ponderosa
Laws) pine seedlings and saplings following treatment with
twice ambient [CO2] (Griffin et al. 1995, Tissue et al. 1996,
Entry et al. 1998, Johnson et al. 1998, Runion et al. 1999). This
response has been attributed to dilution as a result of increased
concentrations of nonstructural carbohydrates (Tissue et al.
1996, Poorter et al. 1997), increased efficiency of N utilization
(Johnson et al. 1995), lower nutrient uptake (BassiriRad et al.
1997), or to ontogenetic effects of elevated [CO2] on plant
growth (Conroy 1992, Poorter et al. 1997). Reduced foliar N
concentrations may also result from a short-term imbalance in
plant C:N ratios in response to CO2 enrichment (Saxe et al.
1998). In seedlings, reduced needle N concentration is proba-
bly the result of rapid growth in elevated [CO2]. However, this
developmental response may be transient, disappearing as the
seedling grows (Peñuelas et al. 1997). The response of mature
field-grown trees to elevated [CO2] is mixed. Nitrogen con-
centrations were lower in loblolly pine, Scots pine and Nor-
way spruce (Picea abies (L.) Karst.) needles from branches
exposed for up to 4 years to twice ambient [CO2] in branch
chambers compared with needles from control branches
(Murthy et al. 1996, Kellomaki and Wang 1997, Roberntz and
Linder 1999). In contrast, loblolly pine needle N concentra-
tions were unaffected by elevated CO2 treatment in branch
chambers on a nutrient-poor site (Teskey 1995). Myers et al.
(1999) studied loblolly pine trees similar in stand age and
structure to our trees and found no difference in the concentra-
tion of needle N or nonstructural carbohydrates after 1 year of
exposure to elevated [CO2]. These studies indicate that care
should be used in interpreting tissue N analysis because
changes in N concentration at any given time may be the result
of CO2 treatment or artifacts associated with differences in
growth, environmental conditions or differences in sample
collection and handling.

Chamber exposure system had negligible effects on the re-
sponse of PA, N and nonstructural carbohydrate concentra-
tions to elevated [CO2] or soil fertility. These results were
consistent with those found for photosynthesis, foliage and
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branch phenology, and growth (C.A. Maier, unpublished
data). Groninger et al. (1999) concluded that, compared with
other species, loblolly pine shows consistent responses to ele-
vated [CO2] when seedlings, saplings, mature trees and stands
have been assessed even in different treatment systems. Our
results support this conclusion.

In summary, soluble phenolic, catechin and PA concentra-
tions were generally higher in needle extracts from elevated
[CO2] treatments than from ambient [CO2] treatments,
whereas N concentrations were generally lower. These
changes in metabolite allocation were correlated with avail-
ability of resources in the environment. The effect of fertiliza-
tion on foliar phenolic concentrations was less consistent, in-
dicating that a more detailed understanding of the relation-
ships among photosynthesis, growth and synthesis of phenolic
compounds, and their regulation, under different concentra-
tions of nutrient availability is needed (Iason and Hester
1993). Studies are now in progress to determine if the ob-
served changes in metabolite allocation in loblolly pine need-
les affect plant–pathogen relationships, microbial decomposi-
tion rates and nutrient cycling.
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